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ABSTRACT
T h is  D is s e r ta t io n  i s  concerned w ith  th e  s tu d y  o f  a - n i t r o n y l -  
n i t ro x id e  r a d ic a l s  and d i r a d ic a l s  by means o f e le c t r o n  s p in  resonance 
(E .S .R .)  and o p t ic a l  s p e c tro sc o p ic  te c h n iq u e s . S p e c i f ic a l ly ,  th e  
d o u b le t c o m p o u n d s--a -m e th y ln itro n y ln itro x id e , a -p h e n y ln i tro n y l-  
n i t r o x id e  and a - ( o - to ly l ) n i t r o n y ln i t r o x id e - - a n d  th e  " t r i p l e t "  
m o le c u le s - -1 , 2- b ia - ( a - n i t r o n y ln i t r o x id e ) e th a n e , 1 , 3 - b is - ( a - n i t r o n y l -  
n itro x id e )p ro p a n e  and b i s - ( a ,a '- n i t r o n y l n i t r o x i d e )  a r e  in v e s t ig a te d .  
The E .S .R . s p e c tra  and the  e le c t r o n ic  a b s o rp tio n  s p e c tr a  have been 
m easured f o r  a l l  compounds. For some o f  th e  compounds, th e se  
m easurem ents have been made a s  fu n c tio n s  o f s o lv e n t and te m p e ra tu re .
The e le c t r o n ic  s p e c tra  in d ic a te  th a t  th e  t r a n s i t i o n s  common 
to  most o f  th e  compounds a re  rr -* Tf* in  o r ig in .  S o lv en t s tu d ie s  
r e v e a l  th a t  th e  ground s ta te  i s  more p o la r  th an  th e  f i r s t  two 
e x c ite d  s t a t e s .  D is p ro p o r tio n a te ly  la rg e  energy  s h i f t s  in  p r o t i c  
so lv e n ts  ( i . e . ,  e th a n o l and w a te r)  a re  a t t r i b u t e d  to  hydrogen bonding. 
No lum inescence i s  observed f o r  any o f th e  compounds.
S o lu tio n  E .S .R . s tu d ie s  as  a fu n c tio n  o f s o lv e n t show 
changes in  the  i s o t r o p ic  h y p e rfin e  s p l i t t i n g s .  The e f f e c t s  a re  q u ite  
sm a ll, b u t c a r e fu l  measurem ent, r e c a lc u la te d  l i n e  p o s i t io n s ,  and l in e  
w id th  c o n s id e ra t io n s  show th e  e f f e c t s  to  be r e a l .  There ap p ear to  be 
co rresp o n d in g  changes in  th e  g v a lu e ,  b u t the  l im i t  o f  random e r r o r  
p re c lu d e s  a  d e f in i t e  s ta te m e n t.
From th e  E .S .R . s tu d ie s  on s in g le  c r y s t a l s ,  p o ly c r y s ta l l in e  
sam ples, room tem p era tu re  s o lu t io n s  and 77°K r ig i d  g la s s  s o lu t io n s ,
x i
th e  symmetry o f  and  sp in  d e n s i t i e s  a s so c ia te d  w ith  th e  h ig h e s t h a l f ­
f i l l e d  m o lecu la r o r b i t a l  have been d e term ined . The e x te n t o f  sp in  
o r b i t  c o u p lin g , in d ic a te d  by th e  e lem ents o f th e  g te n s o r ,  i s  
d e te rm in ed  from  measurem ents on s in g le  c r y s t a l s  and powder sam ples. 
The components o f th e  g te n s o r  a re  r e s t r i c t e d  such th a t  2.004£g£2.010. 
From th e  s in g le  : c r y s t a l  E .S .R . spectrum  of a -m e th y ln itro n y ln itro x id e , 
i t  i s  e s tim a te d  th a t  the  exchange energy  betw een m olecules in  the 
c r y s t a l  i s  about .7  cm”*. T h is  in fo rm a tio n  i s  v a lu a b le  in  the  
a n a ly s is  o f  th e  s i n g l e t - t r i p l e t  s p l i t t i n g  in  th e  d i r a d ic a l  m olecules.
R ig id  g la s s  s o lu t io n  E .P .R . sp e c tra  show th a t  the unpaired  
e l e c t r o n  d i s t r i b u t i o n  i s  e s s e n t i a l l y  th e  same in  a l l  th e  d o u b le ts  
s tu d ie d .  The u n p a ired  e le c t r o n  o ccup ies  a p i - o r b i t a l  which transfo rm s 
a s  b^ w ith  r e s p e c t  to  th e  C^  symmetry o f th e  n i tro n y ln i t r o x id e  group 
i t s e l f .  The u n p a ired  e le c t r o n  occup ies  each n itro g e n  p i - o r b i t a l  
.3 0  o f  th e  tim e . An "extended Htickel" c a lc u la t io n  in v o lv in g  a l l  
v a le n c e  e le c t r o n s  g iv e s  r e s u l t s  which a re  in  poor agreem ent w ith  
e x p e rim e n t. The d isc re p a n c y  i s  a t t r ib u te d  to  neg lec t o f  e le c tro n  
r e p u ls io n s  in  th e  c a lc u la t io n s .
O p tic a l and E .S .R . s p e c tra  in d ic a te  th a t  th e  compounds,
1 , 2- b i s -  ( a -n i t r o n y ln i t r o x id e ) e th a n e  and 1 , 3 -b is ;- ( a -n i tro n y ln i tro x id e )  
p ropane, should  be c l a s s i f i e d  a s  d i r a d ic a l s .  A lthough one observes 
z e r o - f i e l d  s p l i t t i n g s  in  th e  E .S .R . s p e c tra  i n  r ig id  m a tr ic e s , i t  
i s  i n f e r r e d — from  th e  E .S .R . powder spectrum —th a t  th e  s in g le t  and 
t r i p l e t  l e v e ls  o f  th e  m olecule a re  n e a r ly  d e g e n e ra te . The chemical
x i i
sp e c ie s  th a t  one o b se rv e s  in  th e  r ig id  g la s s  E .S .R . s p e c tra  depend 
upon th e  n a tu re  o f  th e  m a tr ix .  P e r t in e n t  e q u i l i b r i a  and chem ical 
sp e c ie s  a re  p o s tu la te d  to  i n t e r p r e t  the  e x p e rim en ta l r e s u l t s .
S im ila r  m easurem ents a r e  made f o r  b i s - (a , a  '- n i t r o n y ln i t r o x id e ) , 
b u t th e  co n c lu s io n s  a r e  u n c e r ta in .
Z e ro - f ie ld  s p l i t t i n g s  a re  c a lc u la te d  fo r  m o lecu la r models 
o f l , 2-b is - (o f -n i t ro n y ln i tr o x id e )e th a n e  and l ,3 - b i s - ( a - n i t r o n y l -  
n itro x id e )p ro p a n e  fo r  s e le c te d  g e o m e tr ie s . The ex p erim en ta l sp in -  
d e n s i t i e s ,  o b ta in ed  from  a n a ly s is  o f th e  d o u b le t m o lecu le s , a re  used 
in  th e  c a lc u la t io n .  The p u rp o se  o f  th e  c a lc u la t io n s  i s  to  a s s o c ia te  
z e r o - f ie ld  s p l i t t i n g s  w ith  some confo rm ations of th e  m o lecu les.
x i i i
INTRODUCTION
A new c la s s  o f v e ry  s ta b le  n e u t r a l  r a d ic a ls * -a -n i tro n y l-  
n i t ro x id e s  (F ig u re  0 .1 )- -w a s  re p o r te d '1' in  F eb ru ary  1968. These 
r a d ic a l s  show s u f f i c i e n t  th erm al s t a b i l i t y  and la c k  o f r e a c t i v i t y  w ith  
oxygen so th a t  the ground s t a t e  may be c h a ra c te r iz e d .  T h is unusual 
s t a b i l i t y  suggested t h a t  two n i t r o n y ln i t r o x id e  groups could  be jo in ed  
by a hydrocarbon b r id g e  to  make s ta b l e  d i r a d ic a l s  (F ig u re  0 .2 ) .  Such 
d i r a d ic a l s  would have geeman energy  l e v e l s  which a re  dependent upon 
th e  m utual o r ie n ta t io n  of th e  m o lecu la r ax es  and th e  m agnetic  f i e l d .
The a n iso tro p y  of th e  en erg y  l e v e l s  c o u ld , p e rh ap s , a llo w  th e se  
d i r a d ic a l s  to  be used as  s e n s i t i v e  p robes in  s e m ic r y s ta l l in e  m a te r ia ls  
( i . e . ,  l iq u id  c r y s ta l s  and m ic e l le s ) .  The o b je c t iv e  o f  th e  re se a rc h  
was n o t to  c h a ra c te r iz e  th e  r a d ic a l  env ironm ent, how ever. The purpose 
was to  c h a ra c te r iz e  th e  e l e c t r o n i c  ground s ta te ,  and to  s e le c t  
th e o r e t i c a l  models t o  acco u n t f o r  observed  m agnetic in te r a c t io n s .
Such knowledge i s  n e c e s s a ry  b e fo re  th e  r a d ic a l s  and d i r a d ic a l s  can 
be o f use as p robes.
Since the  compounds w ere n o t r e a d i ly  a v a i l a b le ,  i t  was 
n e c e ssa ry  to  p rep are  many o f  th e  d e s ir e d  r a d ic a l s  in  th e se  la b o r a to r ie s  
The d o u b le t r a d ic a ls - - a - m e th y ln i t ro n y ln i t r o x id e  (a-MNN), a -p h e n y l-  
n i t ro n y ln i t r o x id e  (a-*$NN), a - ( o - to ly l ) n i t r o n y ln i t r o x id e  (<y-oTNN)—and 
th e  d i r a d ic a l ,  l , 3- b is - ( a - n i t r o n y ln i t r o x id e ) p r o p a n e  (1,3-BNNP) were 
p re p a re d . l , 2- b is - ( a - n i t r o n y ln i t r o x id e ) e th a n e  (1,2-BNNE) and
^ J . O sieck i and E .F . U llm an, JL. Am. Chem. S o c .. '90, 1078
(1 9 6 8 ).
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FIG U RE 0 . 1 .  a'-R-nitronylnitroxide.
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FIGURE 0 . 2 .  P r o p o s e d  B i s - ( o ' - n i t r o n y l n i t r o x i d e ) R
d i r a d i c a l s .
2b is - ( a ,a -n i t ro n y ln i t ro x id e ) (B N N )  w ere o b ta in ed  e lsew h ere . As e x p ec ted , 
th e  d i r a d ic a l s  a re  v e ry  s ta b le  and amenable to  s tu d y . As we s h a l l  s e e , 
s o lv e n t  and tem p era tu re  e f f e c t s  a re  v e ry  im p o rtan t to  th e  d i r a d ic a l s .  
S o lv e n t e f f e c t s  a re  a ls o  im p o rtan t to  the  p a re n t d o u b le t r a d ic a l s .
T h is  D is s e r ta t io n  i s  d iv id ed  in to  fo u r  c h a p te r s .  C hapter I ,  
" T h e o re t ic a l  B ases", p ro v id e s  th e  re a d e r  a cc e ss  to  th e  th e o ry  used 
i n  th e  i n t e r p r e t a t i o n  o f th e  ex p erim en ta l r e s u l t s .  In  C hapter I I ,  
th e  s y n th e s is  o f th e  compounds, th e  p u r i f i c a t i o n  o f th e  s o lv e n ts  and 
th e  d e t a i l s  o f  th e  ex p e rim en ta l measurem ents a re  d isc u s se d . C hap ter I I I  
d e a l s  w ith  th e  i n t e r p r e t a t i o n  o f  th e  ex p erim en ta l r e s u l t s  o f  th e  d o u b le t 
r a d i c a l s .  Many o f th e  E .S .R . r e s u l t s  o f  th e  d o u b le t m olecu les a re  
summarized in  S ec tio n  C o f th a t  c h a p te r .  C hap ter IV i s  concerned w ith  
th e  ex p e rim en ta l r e s u l t s  and th e o r e t ic a l  models o f th e  d i r a d ic a l s .
C hap ters I  and I I  a r e  q u i te  long and d e ta i l e d .  I t  i s  hoped 
t h a t  th e se  c h a p te rs  and th e  r e fe re n c e s  th e r e in  w i l l  be h e lp fu l  to  
f u tu r e  w orkers in  th e se  l a b o r a to r i e s .  In  an  e f f o r t  to  be com plete, 
th e  w r i te r  may have been somewhat v e rb o se . F or t h i s ,  he a p o lo g iz e s .
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E .F . Ullm an, R esearch  D ire c to r  o f Synvar R esearch 
I n s t i t u t e ,k i n d l y  se n t us th e se  compounds.
I .  THEORETICAL BASES
(A) H am ilton ians f o r  D oublet M olecules
The m agnetic  i n t e r a c t io n  h am ilto n ia n  f o r  a s in g le  d o u b le t 
m olecule in  a s t a t i c  m agnetic  f i e l d  i s  f r e q u e n tly  exp ressed  as
■ 3C = 8^  • g • IL  + S  • $ . • t . . . . .  1
r  i = l  1 1 1
in  which
-200 = Bohr magneton (.92731  x 10 e rg /g a u ss )
3  & M agnetic F ie ld  V ecto r 
g = g te n s o r
S^s " f i c t i c i o u s  s p in  v e c to r  o p e ra to r"
T^s h y p e rf in e  te n s o r  ( i )
I jS  n u c le a r  ( i )  s p in  v e c to r
The n u c le a r  Zeeman energy  e f f e c t s  a re  s u f f i c i e n t ly  sm all
t h a t  th ey  may be n e g le c te d  in  a f i r s t  o rd e r  tre a tm e n t o f th e  e le c t r o n
s p in  resonance (E .S .R .)  s p e c tra  encoun tered  in  t h i s  work.
The g te n s o r  i s  a m athem atical c o n tr iv a n ce  which in c lu d e s
th e  e f f e c t s  o f  s p in - o r b i t  c o u p lin g , w hile  av o id in g  e x p l i c i t  in c lu s io n
o f  th e  o r b i t a l  a n g u la r  momentum o p e ra to r  in  th e  h a m ilto n ia n . The t ru e
form  o f  th e  f i r s t  term  in  e q u a tio n  1 i s  g 0H • S + 0H • L i n  w hich S
i s  th e  t ru e  s p in  v e c to r  o p e ra to r ,  L i s  th e  an g u la r momentum v e c to r
o p e ra to r  and g (2 .002322) i s  th e  r a t i o  o f th e  m agnetic moment to  
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th e  s p in  a n g u la r  momentum f o r  a f r e e  e le c t r o n .
For m o lecu les  th a t  have n o n -d eg en era te  ground s t a t e s ,  the
o r b i t a l  a n g u la r  momentum i s  "quenched" ( i . e . ,  (£ ) = O'*'). S p in -o rb it
co u p lin g  p ro v id e s  a means by which the  "u n p a ired  e le c t r o n "  may
a c q u ire  o r b i t a l  an g u la r  momentum. In  a tom ic  system s t h i s  co u p lin g
i s  approxim ated a s  $  • £> in  w hich £ i s  a c o n s ta n t fo r  a g iv en  o r b i t a l
on a g iven  a tom ic  c e n te r .  In  th e  case o f m olecu les made up o f
s e v e ra l  d i f f e r e n t  e le m en ts , £ i s  no lo n g er a c o n s ta n t b u t i s  b e s t
re p re s e n te d  as  a fu n c tio n  o f p o s i t io n .  The u su a l ap p ro x im atio n s  in
L.G.A.O. models i s  to  e x p re ss  £l! • J> a s  E £? in  w hich £^ i s
k= l
th e  atom ic s p in - o r b i t  co u p lin g  c o n s ta n t.  i s  th e  co rresp o n d in g
atom ic o r b i t a l  (A .O .) o r b i t a l  an g u la r  momentum o p e ra to r .
A lthough i l l u s t r a t i o n  o f th e  in tro d u c t io n  o f  f i c t i c i o u s
sp in  i s  no t p a r t i c u l a r l y  d i f f i c u l t ,  i t  i s  w e ll t r e a te d  by C a rr in g to n  
o
and McLachlan and need n o t be r e p e a te d . S u f f ic e  i t  to  say th a t  a
new s e t  o f  fu n c tio n s  and o p e ra to rs  hav ing  th e  o p e ra t io n a l  p r o p e r t ie s
o f  th e  t ru e  s p in  wave fu n c tio n s  and o p e ra to rs  a re  in tro d u c e d  along
w ith  the  g t e n s o r .  T h e ir  in t ro d u c t io n  e l im in a te s  th e  use o f  v e ry
u n w ie ld ly  w a v e fu n c tio n s .
The e lem en ts  o f  th e  g te n s o r  ex p ressed  in  te rm s o f  m o lecu lar
2
o r b i t a l s  made up o f o rthonorm al b a s is  fu n c tio n s  a re  g iv en  by
g . = 2.0023 -  2S S  --------------±— =------ =---------1------------  9
g j  0  ,  i *  C j  "  u  •  •  •  t  66i  j  n k ,A  n o
^C.P. S l i c h t e r ,  " P r in c ip le s ,  o f  M agnetic R esonance", H arper 
and Row, New York, N .Y ., 1963, p . 65.
2A. C a rr in g to n , and A. M cLachlan, " In tro d u c tio n  to  M agnetic 
R esonance", H arper and Row, New York, N .Y ., 1967, p . 138.
in  w hich i s  th e  ground s t a t e  m o lecu lar o r b i t a l  hav ing  energy  Eq , 
and i|i a re  e x c ite d  s t a t e  M.O. 's  o f  energy Er .
^o “ ^ o k ^ k
*n = a nk%
The cp̂  a re  th e  b a s is  f u n c t io n s .
S ince th e  e lem en ts  o f  th e  g te n so r  fo r  o rg a n ic  m o lecu les  
v a ry  o n ly  to  th e  e x te n t  o f  a few p a r t s  (0 -4 ) per thousand  from  ge , 
th e  d i s t i n c t i o n  between f i c t i c i o u s  s p in  and t ru e  sp in  i s  g e n e ra l ly  
n e g le c te d . Thus, in  f u r th e r  d is c u s s io n s  s h a l l  be t r e a t e d  as S.
The second te rm  in  e q u a tio n  1 d e s c r ib e s  th e  i n t e r a c t io n  o f 
th e  u n p aried  e le c t r o n  w ith  param agnetic  n u c le i .  Each o f th e  n u c le a r  
i n t e r a c t io n  term s S • $ • ^  may be expanded. In c lu d in g  th e  
i n t e g r a t io n  o f  th e  s p a t i a l  w avefunctions over, a l l  sp a c e , one o b ta in s  
e q u a tio n  3 in  which
(1 ) <i|r|3.T«f |\|r> = J |cp (r)  I2 f 2  %8 BNP d T
2 <? f  ( 3 * r . ) ( ^ » r . )
(2) - ¥ e ¥ f ^ ( r ) l t 3 r 3   5----- 3 dT ••**3
r i  r i
r^  i s  th e  d is ta n c e  o f  th e  u n p aried  e le c t r o n  from th e  i t h  n u c le u s .
P a r t  (1 ) in  e q u a tio n  3 a r i s e s  from  th e  Ferm i i n t e r a c t io n  and i s  
i s o t r o p i c .  I t  i s  g e n e ra l ly  w r i t te n  as
a £> , • I  . . .  .3 (a )
in  w hich a = ^  gPgjjPjjH (0) I2 * The "hyPe r f in e  s p l i t t i n g  c o n s ta n t" ,
a ,  has u n i ts  o f  en erg y , and )i|fo | i s  th e  s p in  d e n s i ty  a t  th e
n u c le u s . In  term s o f  hydrogen-liK e b a s is  f u n c t io n s ,  only  s o r b i t a l s
w i l l  show h y p e rf in e  s p l i t t i n g .  One should  a ls o  r e a l i z e  th a t  |^r(r)
2i s  a p r o b a b i l i ty  p e r  u n i t  volum e; and a s  such , |i|i(o) J may be much
* 2 24 3g r e a te r  th an  1 ( i . e . ,  |iJr(o) | = 2.148x10 e le c tro n s /c m  f o r  a tom ic
h y d ro g en ). In  o rd e r  f o r  ji|i(o) to  be a u s e fu l  q u a n t i ty  in  m o lecu la r
o r b i t a l  e lu c id a t io n ,  an ex p erim en ta l o r  t h e o r e t i c a l  n u c le a r  s p in
d e n s i ty  fo r  an  A.O. b a s is  fu n c tio n  must be a v a i la b le .  In  a r ig o ro u s
tr e a tm e n t ,  one would average  over th e  s p in s  and c o o rd in a te s  o f a l l
e l e c t r o n s  to  o b ta in  th e  n e t s p in  d e n s ity  a t  th e  i t h  n u c le u s . I t  i s
g e n e ra l ly  assum ed, however, t h a t  u n p aried  e le c t r o n s  in  a g iven  M.O.
c o n tr ib u te  to  th e  s p in  d e n s i ty  a t  th e  n u cleu s v ia  th e  v a len ce  A .O .'s
on th e  atom . Thus th e  p e rc e n t o f  th e  tim e th a t  an "unpaired  e le c t r o n "
o c c u p ie s  a g iv en  s o r b i t a l  i s  g iven  by
^observed /% occupancy = ......     . . . . 4
^max
in  w hich P0jjServe(j i s  b*1® e le c t r o n  sp in  d e n s ity  a t  th e  nucleus 
( c a lc u la te d  u s in g  e q u a tio n  3 (a ) ) ,a n d  p__„ i s  th e  s p in  d e n s ity  assum ing
ulaX
t h a t  th e  e le c t r o n  spends a l l  o f i t s  tim e in  th e  space d e fin ed  by th e  
" s "  A.O.
The second te rm  (2 ) in  e q u a tio n  3 r e p re s e n ts  th e  e le c t r o n -  
n u c le a r  m agnetic  d ip o la r  i n t e r a c t io n  w hich i s  a n is o t r o p ic .  In  term s
8
o f  th e  p r in c ip a l  axes r e l a t i v e  to  i t h  n u c le u s , ( 2) may be w r i t t e n  as
H ,. , = - t # S - t '  S - t '  S . . . . 5d ip o la r  xx x yy y zz z
in  w hich t 7 , t 7 and t 7 a re  d iag o n a l te n s o r  e lem e n ts . The m agnitude xx* yy zz
o f  t  , t  and t  can p ro v id e  in fo rm a tio n  abou t th e  type o f  o r b i t a l  xx* yy zz
3
which th e  u n p aried  e le c t r o n  o c c u p ie s . S ince a i s  i s o t r o p i c ,  th e
A A i
r e l a t i o n  o f th e  d ia g o n a l e lem en ts  to  a and T may be ex p ressed
t  -  a  + t 7 
XX XX
t  = a + t 7
yy yy
t  = a + t  . . .  .6
ZZ ZZ
I t  may be concluded th a t  a  g r e a t  d e a l o f  in fo rm a tio n  
re g a rd in g  th e  n a tu re  o f  th e  e l e c t r o n ic  ground s t a t e  o f a d o u b le t 
m olecule may be o b ta in e d  from  E .S .R . s tu d ie s .  However, i t  i s  most 
o f te n  n e c e ssa ry  to  o r ie n t  m o lecu les  in  th e  m agnetic  f i e l d  to  o b ta in  
th a t  in fo rm a tio n  most co m p le te ly . O r ie n ta t io n  i s  b e s t  ach ieved  by 
s u b s t i tu t in g  d o u b le t m olecu les in  l a t t i c e  s i t e s  o f  s u i ta b le  s in g le  
c r y s t a l s .  S ince s u i ta b le  h o s t  c r y s t a l s  a re  no t n e c e s s a r i ly  a v a i la b le ,  
i t  i s  f o r tu n a te  th a t  a l t e r n a t e  methods a re  a v a i la b le  by w hich much 
in fo rm a tio n  may be o b ta in e d . Some o f  th e se  methods a r e :  E .S .R .
s p e c tr a  o f  s in g le  c r y s t a l s  o f  d o u b le t m o lecu les ; th e  E .S ,R . s p e c tra
A j.R . M orton, Chem. R e v .. 64, 453 (1964).
in  r ig i d  g la s s y  s o lu t io n s ;  and th e  E .S .R . s p e c tra  in  s o lu t io n s  o f low
v i s c o s i t y .  The c o l l e c t iv e  use o f  th e se  methods p ro v id e s  th e  means by
w hich to  e lu c id a te  th e  in fo rm a tio n  th a t  i s  o b ta in ed  in  s tu d ie s  o f
o r ie n te d  d i lu t e  c r y s t a l s .
The h am ilto n ian  f o r  d o u b le t m olecu les in  pure s in g le
4
c r y s t a l l i n e  form  may be w r i t t e n  as
3C=g|3H ES + s £  3  
j  2j  k> j
+ g 8 2  I 3 - 5 J • • • .7
k>J r jk  r jk
in  which g = l / 3 ( g  +g +gw ) .  The f i r s t  te rm  re p re s e n ts  the  Zeemanxx yy zz
e n e rg ie s ,  th e  second term  i s  th e  "exchange in te r a c t io n " ,  and th e  l a s t  
te rm  i s  th e  m agnetic  d ip o la r  i n te r a c t io n  betw een unparied  e le c t r o n s .
In  a more g e n e ra l tre a tm e n t th e  f i r s t  term  should  c o n ta in  th e  g 
te n s o r  (§^) o f  th e  in d iv id u a l  m o lec u le s .^  The Van Vleck tre a tm e n t
g
has  been g e n e ra liz e d  to  in c lu d e  g te n s o r s .  In  th e  exchange te rm ,
S’ i s  r e l a t e d  to  th e  exchange en erg y , J ^ ,
Sjk = 2J12 . . . . 8
4J .H . Van V leck , P hvs. R ev .. 74, 1168 (1948).
■*C.P. P o o le , " E le c tro n  Spin Resonance", John W iley and Sons, 
New York, N .Y ., 1967, p . 838.
^U. K opvillem , Zh. E ksper. T heor. F i z . . 38, 152 (1960).
The exchange term  i s  e l e c t r o s t a t i c  in  o r ig in .  However, as  a r e s u l t
o f  Ferm i s t a t i s t i c s ,  i t  i s  d i r e c t l y  r e l a t e d  to  th e  s p in  fu n c tio n s
and may be c o n v e n ie n tly  in c lu d ed  w ith  th e  s p in  h a m ilto n ia n . (The
o r ig in  o f th e  exchange term  s h a l l  be d isc u sse d  in  g r e a te r  d e t a i l  in
S e c tio n  £ o f t h i s  c h a p te r ) .  The e le c t r o n - e le c t r o n  d ip o la r  coup ling
t e r m s  lead  to  b ro aden ing  o f th e  E .S .R . spectrum  s in c e  i t  in c re a s e s
th e  number o f p o s s ib le  energy  l e v e l s  f o r  th e  e le c t r o n s  in  th e
m agnetic  f i e l d .  N u c le a r -e le c tro n  d ip o la r  i n t e r a c t io n  term s have
been  n eg le c ted  as th e y  would o n ly  c o n tr ib u te  to  f u r th e r  s p e c t r a l
b ro ad en in g . Van V leck^ has shown by a  method o f moments th a t  th e
reso n an ce  should  show p eak ing  ("exchange narrow ing") a t  H .= hv/gf3
(v  i s  th e  microwave freq u en cy ) p ro v id ed  th e  exchange energy  i s
s u f f i c i e n t l y  la r g e .  The exchange en erg y  need no t be v e ry  la rg e  in
o rg a n ic  m o lecu les , a s  i t  i s  e s tim a te d  to  be .7  cm ^ in  EPPH s in g le
2c r y s t a l s  and exchange narrow ing  i s  observed  . The h a l f - i n t e n s i t y  
bandw idth , AH^, i s  found to  v a ry  in v e r s e ly  w ith  a fu n c tio n , F ( J ) , o f 
th e  exchange en e rg y . The e x a c t  fu n c tio n  i s  determ ined  by th e  
geom etry o f  th e  c r y s t a l ,  and AH  ̂ d e c re a se s  as  th e  a b s o lu te  v a lu e  of 
in c r e a s e s .
In  a com plete g te n s o r  t r e a tm e n t ,  one would ex p ec t 
e q u iv a le n t ly  o r ie n te d  m o lecu les  to  g iv e  re so n an ces  ce n te re d  about
H ' = h v /g 'p  . . . . 9
in  which
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The 9^ a re  th e  an g le s  th a t  th e  m agnetic  f i e ld  makes w ith  th e  p r in c ip a l  
axes o f th e  g te n s o r  fo r  th e  m o lecu le , and th e  a re  the  d iag o n a l 
e lem en ts  o f th e  g te n s o r .  U nless a l l  m o lecu les  in  th e  c r y s t a l  have 
th e  same o r ie n ta t io n  r e l a t i v e  to  th e  s t a t i c  m agnetic  f i e l d ,  the 
observed  spectrum  w i l l  be a s u p e rp o s i t io n  o f  reso n an ce  s ig n a l s .  I f  
th e  c r y s ta l  s t r u c tu r e  i s  known, th e n  one should  be a b le  to  d e term in e  
th e  g te n s o r  e lem ents in  th e  c r y s t a l .  Even when th e  c r y s ta l  s t r u c tu r e  
i s  n o t know, i t  i s  o f te n  p o s s ib le  to  e s tim a te  r a th e r  a c c u ra te ly  th e  
degree of a n iso tro p y  of th e  g t e n s o r .
In  summary, th e  exchange i n t e r a c t io n  in  s in g le  c r y s ta l s  
r e s u l t s  in  a  narrowed a b s o rp tio n  maximum a t  H; = h v /g '0 ,  and the  
h y p e rf in e  te n so r  a n iso tro p y  i s  e f f e c t i v e l y  removed a s  a  broad 
background.
Since th e  h y p e rf in e  s t r u c tu r e  i s  e f f e c t i v e l y  removed from 
th e  c r y s ta l  spectrum , i t  becomes p o s s ib le ,  under th e  p ro p er c o n d i t io n s ,  
t o  determ ine th e  d ia g o n a l g te n s o r  e lem en ts  from  a powder sample E .S .R .
y
spectrum . Poole has shown th a t  in  powder sam ples o f  d o u b le t m o lecu le s , 
one should  observe i n t e n s i t y  maxima in  th e  E .S .R . spectrum  a t
H1 = hv /gxxB
h2 = W g y y S
H3  = h v /g z z f3 . . . . 1 1
^Poole, op. c i t . . p . 830
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The o b s e r v a b i l i ty  o f th e  i n t e n s i t y  maxima w i l l  depend on th e  r e l a t i v e  
s iz e s  o f th e  s p l i t t i n g s  ( i . e . ,  e t c . )  and th e  l in e  w id th .
H igher microwave f re q u e n c ie s  in c re a s e  th e  s p l i t t i n g s  and enhance 
th e  p r o b a b i l i ty  f o r  su ccess  in  such m easurem ents. The g te n so r  
e lem en ts  o f  DPPH have been determ ined  in  t h i s  manner and give
8e x c e l le n t  agreem ent w ith  m easurem ents from h osted  o r ie n te d  sam ples.
The E .S .R . s p e c tr a  o f r ig id  g la s s y  s o lu t io n s ,  showing
sim ple h y p e rf in e  s p l i t t i n g s ,  have proved u s e fu l  in  th e  measurement
o f  th e  l a r g e s t  a n is o t r o p ic  e lem en ts o f  th e  h y p e rfin e  t e n s o r s .  The
E .S .R . s p e c tr a  o f such s o lu t io n s  show reso n an ces  w ith  s p l i t t i n g s  w hich
co rrespond  to  the  s p l i t t i n g s  a long  th e  p r in c ip a l  axes o f th e  h y p e rf in e  
9
t e n s o r s .  I t  i s  th e  o p in io n  o f  th e  w r i te r  th a t  th e se  e f f e c t s  could  
be e x p la in e d  by a tre a tm e n t s im ila r  to  th a t  used by K o tt is  and 
L e feb re  f o r  t r i p l e t s  in  r i g i d  g la sse s .* ®  Such an a n a ly s is  has no t 
been a ttem p ted  by th e  w r i te r  s in c e  even th e  s im p le s t case  re q u ire s  
a 4 elem ent b a s is  s e t  and a  4 th  o rd e r  s e c u la r  d e te rm in a n t. In  
a d d i t io n  to  th e  h y p e rf in e  e f f e c t s ,  th e  g te n so r  e f f e c t s  should a ls o  
be c o n s id e re d .
The te n so r  form alism s a re  n o t im p o rtan t in  s o lu t io n s  o f 
low v i s c o s i ty  because th e  g te n s o r  and h y p e rfin e  te n s o r  e lem en ts a re  
"av erag ed "  by th e  m otions o f th e  m o lecu le . The te n s o r  elem ents a re
8P .P . Yodzis and W.S. K o s ti ,  J .  Chem. P h y s .. 38, 2313 (1 9 6 3 ).
9
O.H. G r i f f i t h  and A .S . W aggoner, Acc. o f Chem. R e s .. 2,
17 (1 9 6 9 ). ~
*®P. K o t t i s ,  and R. L e fe b re , J .  Chem. P h y s .. 39, 393 (1 9 6 3 ).
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i
re p la ce d  by s c a la r s  w hich a re  th e  average  o f th e  d iag o n a l te n s o r  
e le m e n ts . I f  th e  t r a c e  o f  a  te n s o r  I s  z e ro , th o se  term s v a n ish  
u n le ss  th ey  a re  v e ry  la rg e  ( i . e . ,  g r e a te r  th a n  abou t 30 g a u s s ) .
Thus the  h a m ilto n ia n  f o r  a m olecule in  a  d i l u t e  s o lu t io n  i s
JC = g@3 • £? + ^  ^  . . . .  12
g and a^ have been p re v io u s ly  d e f in e d .
The a v e ra g in g  o f  th e  te n s o r  e lem en ts  i s  a r e s u l t  o f
" re la x a t io n  e f f e c t s " .  R e la x a tio n  in  s o lu t io n  i s  g e n e ra lly  a t t r i b u t e d
to  lo c a l  p e r tu rb a t io n s  caused by th e  random m otions o f s o lu te  and
so lv e n t m o lecu le s ; th e  tre a tm e n t o f  r e la x a t io n  e f f e c t s  i s  no t t r i v i a l ,  
11however. As th e  g i s t  o f  t h i s  work d e a ls  w ith  s t a t e  fu n c tio n s ,
only  r e la x a t io n  e f f e c t s  p e r t in e n t  to  t h i s  work s h a l l  be summarized.
I f  one t r e a t s  th e  b u lk  p r o p e r t ie s  o f a  d i l u t e  system  o f
p a r t ic u le s  hav ing  a m agnetic  moment, u s in g  th e  c l a s s i c a l  Bloch
12e q u a tio n s , one o b ta in s  th e  fo llo w in g  e x p re ss io n  fo r  a b so rp tio n  o f 
microwaves by th e  sam ple in  a s t a t i c  m agnetic  f i e l d :
dE „2 ___________ ^2____________  . ,
d t  lXo(,XBo
Here i s  th e  a b s o lu te  v a lu e  o f the  complex m agnetic  s u s c e p t ib i l i t y
11C .P . S l i c h t e r ,  op . c i t . . 1, C hapter 1 ,2 ,  & 5.
12C a rr in g to n  and M cLachlan, op . c i t . . 2 , p . 181.
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o f  th e  system . u> = 2n\> w here v I s  th e  c e n te r  o f  re so n an ce .* o o o
to =3 2m> in  which v i s  th e  freq u en cy  o f  H^, th e  m agnetic  v e c to r  o f  
th e  e x c i t in g  r a d ia t io n .  and a re  r e f e r r e d  to  a s  th e  lo n g itu d in a l  
and th e  tra n s v e rs e  r e l a x a t io n  t im e s . They a re  th e  r e s p e c t iv e  tim es 
r e q u ire d  fo r  the lo n g i tu d in a l  and t r a n s v e r s e  components o f th e  bu lk  
m agnetic  moment to  r e tu r n  to  l / e  o f  th e  e q u il ib r iu m  v a lu e  a f t e r  some 
p e r tu rb a t io n  to  th e  system . S in ce  th e  observed  E .S .R . s ig n a l  i s  a 
fu n c tio n  o f th e  r a t e  a t  w hich energy  i s  ab so rb ed , one would ex p ec t
e q u a tio n  13 to  be d e s c r ip t iv e  o f  such  a  s ig n a l .
For s u f f i c i e n t l y  sm all r e la x a t io n  tim es and pow ers, the
a b s o rp tio n  s ig n a l  i s  exp ec ted  to  be L o re n tz ia n  in  sh ap e . E x p e rim en ta lly ,
th e  E .S .R . s ig n a ls  g e n e ra l ly  have th e  G aussian  or L o re n tiz ia n  sh ap es .
The a b so rp tio n  as  a fu n c tio n  of m agnetic  f i e ld  s tr e n g th  fo r  the  two 
ca se s  may be ex p ressed  a s  fo llo w s :
h_h
Y(H) = Ym exp[ - 0 . 693(--g - ° ) 2] (G aussian ) . . . . 1 4 ( a )
%
Y
Y(H) = -------- ----------  (L o re n tz ia n )  . . . . 1 4 ( b )
t i - t i  9
Y i s  an a r b i t r a r y  c o n s ta n t and AHl i s  th e  h a l f - i n t e n s i t y  bandw idth , 
m ^
13C arrin g to n  and L onguet-H igg ins have shown th a t  the  
a n is o t ro p ie s  o f th e  g and ^  te n s o r s  a re  la r g e ly  re sp o n s ib le  fo r
13A. C a rr in g to n , and H.C. L o nguet-H igg ins, Mol. P h y s . . 5, 
447 (1 9 6 2 ). ~
r e l a x a t i o n  o f  d o u b le t  m olecu les  in  s o lu t io n .  D ealing w ith  a sim ple 
m olecule  hav ing  an a n i s o t r o p i c  g t e n s o r  and one h y p e rf in e  t e n s o r ,  
th e y  have shown t h a t  th e  l in e w id th  v a r i e s  s y s te m a t ic a l ly  from one 
h y p e r f in e  l i n e  to  a n o th e r  acco rd in g  to
sy s te m s , th e  e f f e c t s  o f  d i f f e r e n t  n u c le i  appear to  be superimposed .
In  more c o n c e n tra te d  s o lu t i o n s ,  e l e c t r o n - e l e c t r o n  d i p o l a r  
i n t e r a c t i o n s  become im portan t  and th e  s ig n a l  i s  broadened— sin c e
e f f e c t s  become v e ry  im p o rtan t  and may lead  to  narrowing o f  th e  resonance
e f f e c t  which causes  th e  narrow ing o f  th e  resonance s ig n a l  in  s in g l e  
c r y s t a l s  o f  pu re  d o u b le ts .
(B) E .S .R . o f  T r i p l e t  M olecules
The h a m il to n ia n  which a d e q u a te ly  d e s c r ib e s  the m agnetic  
i n t e r a c t i o n  in  most o rg a n ic  t r i p l e t  m olecules i s
mj. r e f e r s  to  th e  z component o f  th e  n u c le a r  s p in ,  B i s  p r o p o r t io n a l
A A a A
t o  g • T, and C i s  p r o p o r t io n a l  to  T • T. For more com plicated
14
T2 i s  e f f e c t i v e l y  d e c re a se d .  At v e ry  h igh  c o n c e n t r a t io n , . 1M, exchange
15i n t o  a s in g le  s h a rp ly  peaked s i g n a l .  This i s  th e  same exchange
K  = gftfl • ( S j + s p  + g ■} 165 •  •  •  •r
■^Conclusion o f the  w r i t e r  based on "ex p e r ien ce1!.
15G.E. Pake and T.R. T u t t l e ,  Phys. Rev. L e t t e r s .  *3. 423
(1 9 5 9 ).
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i n  which g , 0 , 3  and 3  have been p re v io u s ly  d e f in e d .  | r j  i s  the 
d i s ta n c e  between e l e c t r o n s  1 and 2 . g i s  used r a t h e r  th a n  g in  view 
o f  th e  r e l a t i v e  s i m p l i c i t y ,  and i t s  use does no t lead  to  s e r io u s  
e r r o r  i n  most sy stem s. As th e  m agnetic  i n t e r a c t i o n  between the 
"unpaired  e l e c t r o n s "  i n c r e a s e s ,  th e  app rox im ation  becomes more 
n e a r ly  c o r re c t  in  th e  a n a l y s i s  o f  E .S .R . s p e c t r a .
Equa tion  1 may be r e w r i t t e n  as
3C = g0H » 3 + 3 * D » 3  . . . . 1 7
in  which 3  = 3^ + and D i s  a  symm etric, t r a c e l e s s ,  t e n s o r  c a l l e d  
th e  "z ie ro -f ie ld  t e n s o r " .  The e lem en ts  o f  th e  z e r o - f i e l d  t e n s o r  a re  
o f  the  form
v 2 q 2 
1 2  2 ~ i
D.  e = 2s  6 5 ^ >e i ei  z r
D* s  . - 1 8
s i ej  2 r 5
in  which r e p r e s e n t s  one o f  th e  c o o rd in a te s  x ,  y o r  z .
A p ro p e r  cho ice  o f  axes  o r  a  u n i t a r y  t ra n s fo rm a t io n  a l lo w s
th e  second p a r t  o f  e q u a t io n  18 to  be w r i t t e n  in  th e  s t i l l  s im p le r  form




X, Y and Z a re  the  p r in c ip a l  v a lu e s  o f  th e  D t e n s o r  and
a r e  known as  th e  z e r o - f i e l d  s p l i t t i n g s .  The term  " z e r o - f i e l d
s p l i t t i n g "  i s  e s p e c i a l l y  a p p ro p r ia te  s in c e  th e r e  e x i s t s  the  p o s s i b i l i t y
t h a t  t h r e e  d i s t i n c t  energy l e v e l s  a r i s e  from th e  d ip o le  i n t e r a c t i o n —even
i n  th e  absence o f  a m agnetic  f i e l d .
The f i r s t  t r i p l e t  E .S .R . s p e c t r a  were measured f o r  p ho to -
16e x c i te d  s t a t e s  o f  naph tha lene  o r ie n te d  in  durene s in g l e  c r y s t a l s .
I t  i s  p o s s ib l e ,  however, to  o b ta in  n e a r ly  a s  much in fo rm a t io n  abou t a
t r i p l e t  m olecule by observ ing  the  E .S .R . spectrum  i n  r i g i d  g la s s y  
17m a t r i c e s .  Because o f  th e  r e l a t i v e  e x p e r im e n ta l  s im p l i c i t y ,  r i g i d
g la s s y  m a tr ic e s  a r e  favored  f o r  z e r o - f i e l d  s p l i t t i n g  d e te rm in a t io n s .
K o t t i s  and L e feb re  have g iven  a t h e o r e t i c a l  a n a l y s i s  o f  th e  E .S .R .
18s p e c t r a  o f  t r i p l e t s  i n  r i g i d  g la s s y  s o lu t i o n s .
K o t t i s  and Lefebre have shown th a t  i n  r i g i d  g la s s y  s o lu t io n ,  
resonance  maxima occur a t  f i e l d  p o s i t i o n s  d i r e c t l y  r e l a t e d  t o  the  
z e r o - f i e l d  s p l i t t i n g s .  The appearance o f  th e s e  maxima r e l a t e s  to  
th e  f a c t  t h a t  th e r e  i s  a g r e a t e r  p r o b a b i l i t y  t h a t  th e  m olecule  w i l l  
be o r ie n te d  w ith  one o f  i t s  p r i n c i p a l  axes p a r a l l e l  to  th e  m agnetic  
f i e l d  and to  th e  f a c t  t h a t  th e  t r a n s i t i o n  p r o b a b i l i t y  v a r i e s  w i th
1 flH utchinson and Mangum, Jj_ Chem. P h y s . . 34, 908 (1961).
^ J . H .  van d e r  Waals and M.S. deG root, Mol. P h y s . . 2, 333 
(1 9 5 9 );  3, 190 (1960).
18a .  P . K o t t i s  and R. L e fe b re ,  J .  Chem. P h y s . . 39, 393
(1 9 6 3 ) .
b .  P. K o t t i s  and R. L e feb re ,  J .  Chem. P hys . . 41 , 379
(1 9 6 4 ) .
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m o le c u la r  o r i e n t a t i o n  i n  th e  f i e l d .  (There i s  a n o th e r  re so n an ce ,  
Hmin» w hich app ears  a t  a f i e l d  s t r e n g th  of The f i e l d  s t r e n g th s
a t  which resonance  o ccu rs  a r e  g iven  by e q u a tio n  20 f o r  a molecule 
h av ing  i t s ,  x. a x i s  p a r a l l e l  to  th e  f i e l d .  Three a d d i t io n a l  e q u a t io n s  
f o r  H and th r e e  f o r  H may be o b ta in e d  by c y c l i c  p e rm u ta tio n  o f
y
x ,  y and z .
Hmin = + 4(XY+XZ+YZ)]%
HI  = <2g0)”1C82 = <Y-Z)2]%
HXI = (2 g p )- 1 i:(26-3X) 2 -  (Y-Z)2]^
H^IX = (2g0)_1 [(26+3X) 2 -  (Y-Z)2]^  . . . . 2 0
i n  which 8 = hv*
A maximum o f  10 re so n an ces  a re  p o s s ib le  f o r  1 photon  
t r a n s i t i o n s .  The a c t u a l  number observed depends upon s e v e ra l  f a c t o r s  
such  as  th e  r e l a t i v e  v a lu e s  o f  6, X, Y and Z and the  d i r e c t i o n  of
p o l a r i z a t i o n  o f the  microwave m agnetic  v e c to r .  The t r a n s i t i o n s
. .  . „ I I  „ I I  „ I I  „ I I I  „ I I I  . „ I I I  , . .co rre sp o n d in g  to  IT ,  , Hx , , and Hz a r e  p o la r iz e d
p e r p e n d ic u la r  to  th e  d i r e c t i o n  o f  th e  magnetic f i e l d  and a r e  c a l l e d
"Am = 1" t r a n s i t i o n s —an a p p a re n t  analogy w ith  n o n - in te r a c t in g  s p in  8 ■
I I  Isy s te m s .  Resonances Hx , and Hz a re  p o la r iz e d  in  th e  d i r e c t i o n  o f
th e  m agnetic  f i e l d  and a re  c a l l e d  Amg .~ 2 t r a n s i t i o n s .  These l a t t e r
t r a n s i t i o n s  a r e  fo rb id d e n  in  th e  h ig h  f i e l d  l i m i t  ( l a r g e  6) ,  b u t
become more allow ed a s  8 d e c re a se s  r e l a t i v e  to  the z e r o - f i e l d  s p l i t t i n g s .
19
Van d e r  W aals and d e G r o o t^  have shown t h a t  th e  Am = 2 resonances
8
fo llow  th e  i n t e n s i t y  r e l a t i o n s h i p s ;
H1 -  ( Wx  8
Hy “  ( 6 >
Kz “  (2 r >2 6
The AP = 1 t r a n s i t i o n s  become more "a llow ed" i n  th e  h ig h  f i e l d  l i m i t ,  s
H . a r i s e s  from  Aja = 2 t r a n s i t i o n s  because of t h e i r  r e l a t i v e  min s
i s o t r o p y  compared to  the  Ams = 1 t r a n s i t i o n s .  in c re a se s  i n
i n t e n s i t y  a s  th e  zero  f i e l d  s p l i t t i n g s  in c re a se  r e l a t i v e  to  6.
H^in i s  n o t ,  however, so dependent upon th e  d i r e c t i o n  o f  p o l a r i z a t i o n  
o f  the  microwave m agnetic  v e c t o r ,  H^. The l a t t e r  r e s u l t  i s  p a r t i c u l a r l y  
e v id e n t  f o r  sp e c t ro m e te r s  i n  which the  microwave magnetic v e c to r  i s  
p o la r iz e d  p e r p e n d ic u la r  to  th e  s t a t i c  m agnetic  f i e l d .  In  such
1 ftfl
cases  H . i s  observed  w h ile  th e  A*n = 2 t r a n s i t i o n s  a re  a b s e n t ,  min s
U n fo r tu n a te ly ,  th e  sp e c tro m e te r  used in  th e se  experim ents  i s  o f  th e
I I  Il a t e r  d e s ig n  and H , H and H could  be observed .x  y  z
I t  shou ld  be noted t h a t  f o r  z e r o - f i e l d  s p l i t t i n g s  q u i te
sm all r e l a t i v e  to  8, th e  A® = 1 t r a n s i t i o n s  may be more e a s i l ys
observed  th a n  Hmin (o r  " c u t - o f f "  re so n a n c e ) .
F o r  a c t u a l  a n a l y s i s  of E .S .R . s p e c t r a  o f r i g i d  g la s s e s ,
i t  i s  more co n v en ien t  to  use th e  v a r i a b l e s  D and E in  p la c e  of
X, Y, Z. The r e l a t i o n s h i p s  among th e  v a r i a b l e s  a r e  g iven  in
20
e q u a t io n  22 .
3 2D = -"Z Z = - |D
D = - |(X -Y ) Y = - | d+E
Z = -|d-E  22
Since D i s  a  t r a c e l e s s  te n s o r  on ly  two v a r i a b l e s  a r e  n ecessa ry  to  
s p e c i fy  th e  z e r o - f i e l d  s p l i t t i n g s .  U nless measurements a re  made a t  
te m p e ra tu re s  app roach ing  0°K, i t  i s  n o t p o s s ib le  to  determ ine th e  
s ig n s  o f  th e  ze ro  f i e l d  s p l i t t i n g s .  Thus, i t  s h a l l  be assumed 
t h a t  th e  l a r g e s t  d ia g o n a l  element ( i n  a b s o lu te  v a lu e )  i s  n eg a tiv e  
and i s  a lo n g  th e  z a x i s .  I t  i s  f u r t h e r  taken  t h a t  | z |  £  )y | & | x | .  
Using th e se  c o n v e n t io n s ,  the  fo llo w in g  r e l a t i o n s h i p s  may be d e r iv ed  
from e q u a t io n  18:
Hm  .  h 11 = 2D (gauss)  
z z
I I I  I Ih a j . a _ j j i i  =  D +  E
y y
H I  _ H11 = _ 3 . . . . 2 3
x x
D and E a r e  e a s i l y  de te rm in ed . They a re  cu s to m a r i ly  re p o rted  i n  
u n i t s  o f  cm ^ and th e  co n v ers io n  f a c t o r  i s
(H*11 -  H*1)
v(cm ) = — s— — S—  gp . . . . 2 4
in  which Hm. n e x p re sse d  i n  terms o f  D and E i s  g iv en  by:
Hml» = -  ± (dW > ] %  25
21
Using th e  v a lu e  o f H j obtaLned from the  E .S .R . spectrum ,
D* 2 = (D2+3E2) 2 = SCCjrlg) 2 " Hmin^ ( u n i t s  o f  8a u s s ) . . . . 2 6
The D* v a lu e s  a re  u s e fu l  checks o f  th e  z e r o - f i e l d  s p l i t t i n g s
c a lc u la te d  from th e  A® = 1 t r a n s i t i o n s .  In  some cases  D* i s  thes
on ly  param eter  t h a t  may be determ ined  from experim en t.
From th e  v a lu e s  o f  D and E one may e s t im a te  th e  average
d is ta n c e  between u n p a ired  e l e c t r o n s .  C onverse ly , i f  one has an
e s t im a te  o f  the  ze ro  f i e l d  s p l i t t i n g s  c a lc u la te d  f o r  a d o u b le t  molecule
which i s  p a r t  o f  a d i r a d i c a l ,  th e  geometry o f  th e  m olecule  may be
approximated w i th  th e  h e lp  o f m o lecu la r  models.
Since th e  d ip o le  t e n s o r  i s  t r a c e l e s s ,  one might expect
th a t  the  reso n an ces  o f  th e  t r i p l e t  would be observed  in  non-v iscous
s o lu t io n .  Only i n  th e  case  o f  v e ry  weakly i n t e r a c t i n g  d i r a d i c a l s  does
19the w r i t e r  know t h i s  t o  be th e  c a s e .  B isg a lv in o x y l  which has .
20D m 110 gauss does n o t  g iv e  an  E .S .R . s ig n a l  in  s o lu t i o n .
For f u r t h e r  in fo rm a t io n  o f  th e  th e o ry  o f  E .S .R . o f  t r i p l e t s
in  r i g i d  g l a s s e s ,  th e  r e a d e r  i s  r e f e r r e d  to  r e fe r e n c e s  17 and 18 and
21to  a r e c e n t  review  a r t i c l e  w r i t t e n  by Thomson .
19H.R. F a l l e ,  G.R. L o c k h u rs t ,  H. Leinaire, Y. M arechal,
A. R ussa t and P . Rey, Mol. P h y s . . 11, 49 (1966).
20E.A. C handross, J .  Am. Chem. S o c . . 86 , 1263 (1964).
2 1 C. Thomson, Q u a r te r ly  Reviews. 22, 45 (1 9 6 8 ).
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(C) S o lv en t E f f e c t s
M olecular so lv en t  e f f e c t s  may be r ig o r o u s ly  d e f in ed  as 
changes in  the  energy  and w avefunc tion  f o r  an  ensemble o f  i n t e r a c t i n g  
m o lecu les  r e l a t i v e  to the  n o n - in t e r a c t i n g  gaseous s t a t e .  I n  a more 
p r a c t i c a l  sense , so lv e n t  e f f e c t s  r e f e r  t o  changes i n  m easurable 
p h y s ic a l  p r o p e r t i e s  which accompany a change in  th e  environment o f  
a  m o lecu le .
22McRae has developed a s e m i - q u a n i t a t iv e  th eo ry  o f  the  
e f f e c t s  of e l e c t r i c  d ip o la r  i n t e r a c t i o n  on th e  e x c i t a t i o n  e n e r g ie s  of 
s o lu te  m olecules i n  s o lv e n ts .  His app roach  i n  deve lop ing  th e  th e o ry  
i s  g e n e ra l  and i s ,  in  p r i n c i p l e ,  a p p l i c a b l e  to  o th e r  types  o f  
i n t e r a c t i o n s .
In  o rd e r  to  t r e a t  any a r b i t r a r y  in te rm o le c u la r  i n t e r a c t i o n  
f o r  a la rg e  number of m o lecu les ,  one must use a m u l t i - f u n c t io n  b a s is  
s e t .
The w avefunction  f o r  an assem blage  o f  s t a t i o n a r y  non­
i n t e r a c t i n g  m olecules may be w r i t t e n  as  a p ro d u c t o f  the  in d iv id u a l  
u n p er tu rb ed  wave fu n c t io n s  cpj.
v ( l ) , v ( 2) - - - - v ( n )  _ v<°) v ( l )  . . . .  vO.) _
0 , 1 , 2 , • • • • n  ^o TL ^n
The s u p e r s c r ip t s  serve to  i d e n t i f y  th e  m olecu les  and the  s u b s c r ip t s  
d e s c r ib e  the s t a t e  of the  m o lecu le s .  I f  one im agines t h a t  the  
m o lecu les  a re  brought to g e th e r  to  some in s ta n ta n e o u s  c o n f ig u ra t io n ,
22E.G. McRae, J .  Phys. Chem.. 61, 562 (1957).
then equation 27 becomes a zeroth order approximation. The superscript 
v(n) i s  then taken to  id e n tify  a so lu te  molecule which i s  surrounded 
by solvent ( i )  m olecules.
Within the framework of perturbation theory, one may express 
the perturbing hamiltonian as
H' = S H , + ^ S H , ,  28
i= l 01 2 i , j = l  l j
HQi  represents the in tera c tio n  o f the so lu te  molecule with  
the i th  solvent molecule; represents a so lv en t-so lv en t in tera ctio n . 
The order to which the perturbation must be carried depends upon the 
ra p id ity —or assumed rap id ity—of convergence. Functions lik e  those 
in  equation 25 may be used as the b asis fu n ction s.
Using second order perturbation theory and several 
approximations for a dipole in te ra c tio n , McRae has shown that the 
change in  the e le c tr o n ic  ex c ita tio n  energy o f a so lu te  molecule in  
so lu tio n  r e la tiv e  to  the gas phase i s  given by
, , -1 . , V 1 , - V 1 , rrD -l V 1,  , rrD -l V 1,24v(cm ) = A - y -  + B - y —  + C [ j y  - y — ] + G[ - ]  . . . . 2 9
2V 1 2 V 1 V 1 V 2
i n  which A i s  a d i s p e r s io n  term  and
24
rip i s  th e  r e f r a c t i v e  index o f  th e  s o lv e n t  a t  th e  sodium D l i n e ,  D i s
th e  s o lv e n t  d i e l e c t r i c  c o n s ta n t ,  i s  th e  s t a t i c  d ip o le  moment of
th e  m olecule  i n  th e  ground s t a t e ,  3 ^  i s  th e  d ip o le  moment o f  the
3
m olecule i n  th e  i t h  e x c i te d  s t a t e  and a i s  th e  " c a v i ty  s i z e "  o f  th e
m o l e c u l e . ^  ajj i s  th e  p o l a r i z a b i l i t y  o f  th e  s o lu t e  m olecule i n  th e
ground s t a t e ,  and ajjj' i s  th e  p o l a r i z a b i l i t y  o f  th e  s o lu te  m olecule in
th e  i t h  e x c i te d  s t a t e .
McRae c a l l e d  the  l a s t  term  th e  q u a d r a t i c  S ta rk  e f f e c t  a s  i t
i s  p r o p o r t io n a l  to  the  square  o f  th e  f i e l d  induced by the  s o lv e n t .  This
te rm  i s  im p o r ta n t  on ly  fo r  h ig h ly  p o la r  s o lv e n t  m o lecu les .
The f i r s t  term  in  e q u a t io n  3 r e p r e s e n t s  d i s p e r s io n  type
f o r c e s — i . e . ,  induced d ip o le —induced d ip o le  ty p es  o f  i n t e r a c t i o n s .
A i s  g e n e r a l ly  n e g a t iv e ,  and should th u s  r e s u l t  i n  a r e d s h i f t  f o r  a l l
s o lu t i o n  s p e c t r a .  The term  i s  u s u a l ly  sm a l l ,  however, and i s
un im portan t u n le s s  bo th  th e  s o lv e n t  and s o lu te  a r e  n o n -p o la r  a n d /o r
22th e  s o lv e n t  abso rb s  in  th e  same re g io n  as  th e  s o lu t e .
The second term  r e p r e s e n t s  th e  i n t e r a c t i o n  o f  the  s o lu te  
permanent d ip o le s  and induced s o lv e n t  d ip o le s .
The t h i r d  term a r i s e s  from i n t e r a c t i o n s  between so lv e n t  
and s o lu te  permanent d ip o le s .  I t  i s  g e n e r a l ly  th e  dominant term  
when a p p l i c a b le .
Among th e  approxim ations  o f  McRae i s  th e  assum ption  o f 
p o in t  d ip o le s .  T h e re fo re ,  s o lv e n t  m olecu les  w hich have lo c a l  d ip o le s  
which add to  z e ro  behave as  p o la r  m o lecu le s ,  and t h e i r  d i e l e c t r i c
25
c o n s ta n ts  do no t e f f e c t i v e l y  d e sc r ib e  them. Although th e  e q u a t io n  i s
app rox im ate ,  i t  should g ive  good q u a l i t a t i v e  r e s u l t s  when used fo r
23s u i t a b l e  s o lv e n t s .  I t o ,  ejt a l .  have a p p l ie d  eq u a tio n  29 to  t h e i r  
s tu d y  of n -* fl* t r a n s i t i o n s  i n  k e to n e s .  Those exper im en te rs  n e g le c te d  
th e  d i s p e r s io n  and q u a d r a t i c  S ta rk  e f f e c t s  w ith  ap p aren t  s u c c e s s .
In  p r a c t i c e ,  one chooses so lv e n ts  which may be grouped as 
n o n -p o la r ,  and p o la r  n o n - p ro t ic  and p o la r  p r o t i c .  N on-polar s o lv e n t s
D- 1 nn “ -̂
may be chosen so t h a t  th e  q u a n t i t y ,  J j r r r  5— ] ,  i s  e f f e c t i v e l y
n jj- l  rv +2
c o n s ta n t .  Thus, a p l o t  o f  — 5—  v e rsu s  v, tne  e x c i t a t i o n  energy  i n
-1  2nD_1cm , would i d e a l l y  y ie ld  a s t r a i g h t  l in e  i f  A and G a r e  n e g l i g i b l e .
The r e l a t i o n  o f  th e  e x c i te d  s t a t e  d ip o le  moment to  the ground s t a t e
d ip o le  moment i s  i n f e r r e d  from th e  s ig n  o f th e  slope o f  th e  l i n e .
S im i la r ly ,  p o la r  s o lv e n ts  may. be chosen so t h a t  a p l o t  o f
(D -l) /(D + 2) v e r su s  v would y ie ld  a s t r a i g h t  l in e  i f  A and G were
n e g l i g i b l e .  Again th e  s lo p e  determ ines  the  r e l a t i v e  p o l a r i t y  o f
th e  e x c i te d  s t a t e  and ground s t a t e .  I f  th e  e f f e c t s  of th e  p o l a r - p r o t i c
group a re  la rg e  compared to  th e  p o la r  n o n -p ro t ic  group, t h i s  i s  a good
i n d i c a t i o n  of hydrogen bonding .
Although McRae's t re a tm e n t  d e a ls  w ith  a p a r t i c u l a r
p e r t u r b a t i o n ,  any p e r t u r b a t i o n  which changes the energy  o f  a system
w i l l  a l t e r  th e  w avefunc tion  f o r  an  ensemble o f s o lu te  m o le c u le s .
A lthough th e  ensemble approach  i s  p robab ly  more n e a r ly  c o r r e c t ,  i t
23M. I t o ,  K. Inuzuka and S. Im an ish i,  J .  Am. Chem. S o c . . 82,
1317 (1 9 5 9 ).
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i s  o f te n  co n v en ien t  to  th in k  in  terms o f  a w avefunction  f o r  a s in g l e  
p e r tu rb e d  m o lecu le .  In  th e  case  o f hydrogen bonding one may a l s o  
w ish  to  c o n s id e r  the  p a r t i c u l a r  s o lv e n t  f u n c t io n a l  groups w i th  which 
th e  s o lu te  i s  more d i r e c t l y  i n t e r a c t i n g .  One o f  the  most d i r e c t  
i n d i c a t i o n s  o f  a  change in  the w avefunction  a s s o c ia te d  w i th  a s o lu te  
molecule i s  a change in  th e  s p in  d e n s i ty  a t  the  n u c le u s .  T h is  d a ta  
may be o b ta in e d  f o r  param agnetic  n u c le i  from th e  s o lu t io n  E .S .R . 
h y p e r f in e  spec trum  s in c e  a s ^ -g g ^ B B ^ I^ b )  (C hapter  I ,  S ec t .A ,
E q .3 a ) .  Thus, i f  a m olecule i s  v e ry  p o la r ,  o r  i f  i t  has the  a b i l i t y  
to  form hydrogen bonds, one would exp ec t th e  h y p e r f in e  s p l i t t i n g s  to  
change w i th  the  n a tu re  o f th e  s o lv e n t .  This i s  an  e f f e c t  most e a s i l y  
observed in  th e  ground s t a t e .
(D) M olecu la r  O r b i t a l  C a lc u la t io n
There a re  s e v e ra l  approaches to  m olecu lar  o r b i t a l  c a l c u l a t i o n s
ran g in g  from th e  v e ry  r ig o ro u s  a p r i o r i  c a lc u la t io n s  to  approxim ate
24se m i-e m p ir ic a l  c a l c u l a t i o n s .  C lem enti has r e c e n t ly  p u b l ish e d  a 
review  a r t i c l e  i n  which l e s s  e x a c t  methods a re  r e fe r e n c e d ,  and 
em phasis i s  p la c e d  upon " c o r r e c t  t h e o r e t i c a l  m odels". There being  
no need to  r e p e a t  such a rev iew , on ly  a resume o f  d e m e n t i ' s  c r i t e r i a  
f o r  a r ig o r o u s  c lo se d  s h e l l  model w i l l  be summarized.
^ E .  C lem enti.  Chem. R e v s . . 68, 341 (1968).
A r ig o ro u s  m o lecu la r  o r b i t a l  c a l c u l a t i o n ,  acco rd ing  to  
C lem en ti ,  should in c lu d e  the  fo llo w in g  c o n s id e ra t io n s :
1. A ll  o f  the  e le c t r o n s  should be inc luded  co n s id e r in g  
e l e c t r o n  r e p u l s io n  as  w e l l  as n u c le a r  i n t e r a c t i o n s .
2. A la rg e  b a s i s  s e t  should  be employed. A l i n e a r  
com bination  o f a tom ic  o r b i t a l s  (LwC.A.O.) i s  a s p e c ia l  case .
3. The t o t a l  energy o f th e  system should be minimized 
( i . e . ,  H a r tree -F o ck )  and the  c a l c u l a t i o n  re p e a te d  to  s e l f - c o n s i s t e n c y .
4. C o n f ig u ra t io n  i n t e r a c t i o n  should a l s o  be in c lu d ed .
5. R e l a t i v i s t i c  e f f e c t s  should not be n e g le c te d .  
C a lc u la t io n s  o f  d o u b le t  r a d i c a l  m olecules involve  non-closed
s h e l l s ,  and a p p l i c a t i o n  o f  th e  H artree-F ock  th e o ry  becomes q u i te
complex. The problem  i s  e s s e n t i a l l y  t h a t  which i s  encountered  f o r
25n o n -c lo sed  s h e l l s  i n  a tom s. Two approaches have been taken  to
26 27th e  s o lu t i o n  o f  th e  problem by Ltfwdin and Pople . Lb'wdin uses 
a r e s t r i c t e d  H ar tree -F o ck  t re a tm e n t  p la c in g  two e le c t r o n s  i n  each 
s p a t i a l  o r b i t a l ,  s t a r t i n g  w i th  th e  one o f  low est energy , u n t i l  the  
u n p a ired  e l e c t r o n  i s  p laced  i n  the  low est energy u n f i l l e d  m plecular 
o r b i t a l  rem ain in g . Pople and N esb it  contend t h a t  th e r e  i s  no a p r i o r i  
re a so n  why each  s p a t i a l  o r b i t a l  must be doubly occupied  by one a  and 
one 6 s p in  e l e c t r o n .  They th e r e f o r e  t r e a t  the a  and 6 s p a t i a l
25J .C .  S l a t e r ,  "Quantum Theory o f Atomic S t r u c tu r e " ,  V o l .2, 
M cGraw-Hill, New York, N .Y ., 1960; C hapter 17.
^ P .O .  Lbwdin, Advan. Chem. P h y s . . 2, 207 (1959).
27S. Pople  and R. N e s b i t .  J .  Chem. P h y s . . 2*2, 571 (1954).
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w avefunctions  as  b e in g  o r th o g o n a l .  U n fo r tu n a te ly ,  b o th  the approach
o f  LbVdin and o f P op le  le a d  t o  two s e t s  o f  s im u ltaneous  in te g ro -
d i f f e r e n t i a l  e q u a t io n s  w hich must be so lved  t o  s e l f - c o n s i s t e n c y .
Such s o lu t io n s  r e q u i r e  much e f f o r t  and computer t im e ;  and the r e s u l t s
28a re  n o t  p a r t i c u l a r l y  g r a t i f y i n g —even f o r  hydrocarbons .
An a l t e r n a t e  ap p ro ach  i s  t o  employ methods w hich, w hile  not
com plete ly  r ig o r o u s ,  have d e s i r a b l e  f e a tu r e s  and w hich give r e s u l t s
which a re  m eaningfu l and c o n s i s t e n t  w i th  the  r e s e a r c h  o b je c t iv e s .
One such method i s  th e  M ulliken-W olfsberg-H elm holz (M.-W-H) or
29"extended H tickel"-type o f c a l c u l a t i o n  . A s p e c ia l  c a se  of such a 
c a l c u l a t i o n  w i l l  be d e s c r ib e d  i n  the  fo llo w in g  p a ra g ra p h s .
The c a l c u l a t i o n  employed i n  t h i s  work u t i l i z e s  a L.C.A.O. 
b a s is  s e t  o f  a l l  v a le n c e  e l e c t r o n s  and s e m i-e m p ir ic a l  e v a lu a t io n  
o f coulomb (H^^) and exchange i n t e g r a l s  ( H£j)»  The b a s i s  fu n c t io n s  
a re  n o n -o r th o g o n a l— e x c e p t  f o r  o r b i t a l s  c e n te re d  on a  p a r t i c u l a r  
atom i n  the  m o lecu le .  The b a s i s  f u n c t io n s  a re  a tom ic  o r b i t a l s  which 
a re  p ro d u c ts  o f  an a n g u la r  and a r a d i a l  fu n c t io n .  The r a d ia l  fu n c t io n s  
a re  two S l a t e r  type  f u n c t io n s  which g ive  b e s t  agreem ent w ith  t h e '
S .C .F . A .O . ' s .  The p r im ary  use of th e  w avefunc tions  i s  in  c a l c u la t in g  
o v er lap  i n t e g r a l s  ( S ^ j ) .
Snyder and T. Amos, J .  Chem. P h y s . . 42 ,  3670 (1965).
29D .6 . C a r r o l l ,  A.T. Armstrong and S .P .  McGlynn, Chem. 
P h y s . . 44. 1865 (1 9 6 6 ) .
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The fo llow ing  app rox im ations  a r e  u t i l i z e d  in  e v a lu a t in g  the
30coulomb and exchange i n t e g r a l s  :
H . . = Valence S ta te  I o n iz a t io n  P o t e n t i a l  ( V .S . I .P . )  i i
H^j = (2 - I S ^ I X H ^  + H ^ )  S ^ / 2   30
V . S . I . P . ' s  a re  ex p ressed  as f u n c t io n s  o f  th e  o r b i t a l
31p o p u la t io n  (POP) and th e  n e t  charge (q) on th e  atom.
V .S .I .P .  = A(POP) + Bq -  C . . . . 3 1
32The p o p u la t io n s  a r e  c a l c u l a t e d  u s in g  M u ll ik e n 's  approxim ation : 
(P0^) = (0ccfc) j  ak i  ak i  + (O c c ) ( - )  S  ak± ak j  . . . . 3 2
k  k j j —x
a ^  i s  th e  c o e f f i c i e n t  o f  th e  i t h  o r b i t a l  i n  the  -kth M.O., and 
OcCj  ̂ i s  the number o f e l e c t r o n s  ( 2 , 1 , o r  0) in  th e  k th  M.O.
O r b i ta l  p o p u la t io n s  a re  p o s tu l a t e d  f o r  th e  f i r s t  com putation, 
and the  o r b i t a l s  a re  f i l l e d  i n  th e  o rd e r  o f  in c r e a s in g  energy . The 
c a l c u l a t i o n  i s  i t e r a t e d  to  s e l f - c o n s i s t e n c y .
O bviously, t h i s  " o n e - e le c t ro n "  c a l c u l a t i o n  does no t inc lude  
e l e c t r o n  r e p u l s io n ,  y e t  i t  does d e a l  w i th  a l l  v a len ce  e l e c t r o n s  and 
i t  i s  i t e r a t e d  to  s e l f - c o n s i s t e n c y .  To e x p ec t  e x a c t  q u a n t i t a t i v e  
agreem ent from such a model f o r  l a r g e  m olecu les  i s  u n r e a l i s t i c .  One
qo •
L.C. Cusachs, J .  Chem. P h y s . . 43, 157S (1965).
^ L . C .  Cusachs, JN Phys. Chem.. 4 3, 160S (1965).
32R.S. M ulliken , J .  Chem. P h y s . . 23, 1833 (1 9 5 5 ).
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m ight ex p e c t ,  however, a q u a l i t a t i v e  model and symmetry o r b i t a l s .
As s h a l l  be seen i n  the  c a lc u la te d  r e s u l t s ,  th e  symmetry in fo rm a tio n  
i s  o f  p a r t i c u l a r  i n t e r e s t .
(E) Composite M olecules
Composite m olecules  a r e  th o se  system s which a r e  made up o f
two o r  more m olecular  subsystem s. The i n t e r a c t i o n  o f th e  subsystems
may v a ry  from the  extrem es o f  "m olecu les  i n  m o lecu les"  to  a "new
m olecu le" .  D e s c r ip t io n s  o f  com posite m o lecu les  have been a ttem pted
33by s e v e ra l  methods . This  p a r t i c u l a r  r e s e a r c h  paper d e a l s ,  fo r  th e
most p a r t ,  w ith  m olecules  whose e l e c t r o n i c  a b s o rp t io n  s p e c t r a  a re
i n d i c a t iv e  o f s l i g h t l y  to  m odera te ly  p e r tu rb e d  subsystem s. Since
th e s e  m olecular a re  d o u b le ts  o r  t r i p l e t s  ( th e  s i n g l e t  and t r i p l e t
s t a t e s  o f the  " t r i p l e t s "  a re  n e a r ly  d e g e n e r a te ) ,  a r ig o ro u s
t h e o r e t i c a l  d e s c r ip t io n  becomes e x c e e d in g ly  complex a s  was seen in
S e c t io n  D o f  t h i s  c h a p te r .  The s i t u a t i o n  i s  even more complex i f
one r e q u i re s  t h a t  the  m o lecu la r  w av e fu n c tio n s  a l s o  be e ig e n fu n c t io n s
o f  th e  sp in  o p e ra to rs  S^ and S where £> = 2  i>.; N i s  th e  number o f
Z N
e le c t r o n s  in  the  m olecu le . Thus, th e  quantum m echanical models s h a l l  
be approxim ate— se rv in g  th e  purpose o f  q u a l i t a t i v e  d e s c r i p t i o n .
For s im p l i c i t y  we s h a l l  use a one e l e c t r o n  h a m ilto n ia n  
a c t i n g  on w avefunctions  which a re  p ro d u c ts  o f  m olecu lar  o r b i t a l s .
The composite h a m il to n ia n  i s  d e sc r ib e d  by e q u a t io n  31.
.ftp = + !K* +  33
33S .P . McGlynn, L. Vanquickenborne, M. K in o sh i ta  and
D. C a r r o l l ,  " In t r o d u c t io n  t o  A pplied  Quantum C hem istry" , H o lt ,
R in e h a r t  and W inston, New York, N .Y ., to  be p u b lish ed  i n  1970.
3̂  and 3̂  a r e  th e  h a m il to n ia n s  f o r  th e  i s o l a t e d  subsystems and have 
M.O. e ig e n fu n c t io n s  cpj^ and q>Rj  such th a t
A 'J’L i "  eLi ‘PLi
and
^ R j  = eRj *Rj
The o p e ra to r s  and e ig e n fu n c t io n s  might w e ll  be o f  th e  
M.W.H. v a r i e t y  d e s c r ib e d  i n  S e c t io n  D. 3<̂ R re p re s e n ts  th e  e f f e c t i v e  
p e r t u r b a t i o n  due to  the  i n t e r a c t i o n  between subsystems L and R. For 
each  subsystem  the  w avefunctions  a r e  taken  to  be the  p ro d u c t o f  1 
e l e c t r o n  M .O . 's .  The unpaired  e l e c t r o n  may be p laced  i n  th e  ground 
M.O. t h a t  experim ent d i c t a t e s .
♦k = <pL l(o,> tpL2(B) " "  ‘PLM(“>
and
= ^ R l<a> rfE2(B>  *mia) • • ” 35
I n  g e n e r a l ,  i|fR and ^  a re  th e  e ig e n fu n c t io n s  o f  3^  and 3(?, r e s p e c t i v e l y .
I f  th e  composite molecule i s  composed o f  " u n l ik e "  subsys tem s, 
th e  z e ro th  o rd e r  w avefunc tion  i s  w r i t t e n :
,T . L , R
t  I'jj . . .  .36
A f i r s t  o rd e r  p e r t u r b a t i o n  y i e l d s  the  energy e x p re ss io n :
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i n  which
V e  ■ < * k  * 2A * ' * k  #  - - 3 8
E x c ite d  c o n f ig u ra t io n s  ( n e g le c t in g  two e l e c t r o n  e x c i t a t i o n s )  s h a l l  be 
d e sc r ib e d  by
,12 ,1 ,2
or
, 1 2  , 1  , 2  o n
= *k V  ***
having  the  c o rre sp o n d in g  f i r s t  o rd e r  e n e r g ie s :
^ + E* *  v , *
and
= ^  + + • - 40
The t r a n s i t i o n  moment o f  a "one e l e c t r o n  t r a n s i t i o n "  i s  approximated 
a s
a .
= < V P I * k W j & l V
= . . . . 4 1
33
The p o s s i b i l i t y  o f  charge t r a n s f e r  s t a t e s  in  which an
e l e c t r o n  i s  t o t a l l y  d e lo c a l iz e d  from one subsystem  to  a n o th e r  a l s o
33 .e x i s t s  , i . e . ,
Yk ', j& ' = V j,(+ )  . . . . 4 2
Hence, i f  th e  ground s t a t e  unp a ired  e l e c t r o n  d i s t r i b u t i o n
and th e  e l e c t r o n i c  t r a n s i t i o n s  a r e  s im i l a r  to  th o se  o f  the  i s o l a t e d
subsystem s, i t  may be s a id  t h a t  the  "m olecules  i n  m o lecu les"  approach
i s  a v a l i d  d e s c r i p t i o n .
A composite molecule having two id e n t ic a l parts sh a ll now
be co n s id e red — s p e c i f i c a l l y  a composite m olecule  c o n ta in in g  two
d o u b le t  subsystem s. Combination o f  two d o u b le t  m olecu les  may lead
to  s in g l e t  o r  t r i p l e t  fo rm a tio n .  In  th e  case o f  two d o u b le t  p i
system s which a r e  connected  by a s a tu r a te d  hydrocarbon  c h a in ,  th e
c o r r e l a t i o n  o f  th e  e l e c t r o n s  i s  q u i t e  weak le a d in g  to  n e a r ly  d eg en e ra te
s i n g l e t  and t r i p l e t  l e v e l s .  As s t a t e d  e a r l i e r ,  th e  c o r r e c t  w avefunctions
2
should  be e ig e n fu n c t io n s  o f  S and S and be t o t a l l y  an tisy m m etr ized .z
Such w avefunctions  would be l i n e a r  com binations  o f  th e  p ro d u c ts  o f
34s e v e r a l  an tisym m etrized  w a v e fu n c tio n s .  Because o f th e  near 
degeneracy o f  th e  s i n g l e t  and t r i p l e t  m an ifo lds  o f  such system s, 
sim ple p ro d u c t w avefu n c tio n s  s h a l l  be tak en  t o  d e s c r ib e  the  e l e c t r o n i c  
s t a t e s .  The energy  d i f f e r e n c e  between th e  s i n g l e t  and t r i p l e t  s t a t e
^H .M . McConnell, J .  Chem. P h y s . . 33, 115 (1960).
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s h a l l  be g iven  by an  o p e a r to r  t o  be s p e c i f i e d .
The s i n g l e t - t r i p l e t  energy  d i f f e r e n c e  i s  expressed  in  term s 
35o f  th e  exchange en e rg y .  A lthough the  energy  a r i s e s  from th e  degree
o f  c o r r e l a t i o n  o f  th e  "unpaired  e l e c t r o n s "  and i s  t o t a l l y  e l e c t r o s t a t i c
i n  n a tu r e ,  i t  i s  i n t r i n s i c a l l y  r e l a t e d  to  th e  e l e c t r o n  sp in  and th e
re q u ire m e n ts  o f  Fermi p a r t i c l e s .  The s p l i t t i n g  of th e  s i n g l e t  and
t r i p l e t s  may then  be inc luded  i n  th e  t o t a l  h am ilton ian  by u s in g  th e  
X ** ^  35
o p e r a to r  J 02+2£>.̂ * and ^  a r e  unpaired e l e c t r o n  sp in
o p e r a to r s  and J  i s  th e  exchange energy . O peration  on "two e l e c t r o n "  
s i n g l e t  and t r i p l e t  w avefunc tions  w i th  y ie ld s  J  and - J ,
r e s p e c t i v e l y .  A p o s i t i v e  J  im p lie s  t h a t  th e  t r i p l e t  i s  the  ground 
s t a t e ;  a n e g a t iv e  J  f a v o rs  a s i n g l e t  ground s t a t e .  For ) j |  =“ 0, 
th e  m olecule should  more a p p r o p r i a t e ly  be r e f e r r e d  to  as a d i r a d i c a l  
r a t h e r  th an  a  t r i p l e t —s in c e  t r i p l e t  im p lie s  c o r r e l a t i o n .  As J j |  
d e c re a se s  i n  v a lu e  i t  becomes more d i f f i c u l t  to  determine th e  s ig n  
o f  J ,  s in c e  one must work v e ry  n e a r  0°K to  ap p re c ia b ly  a l t e r  the 
r e l a t i v e  p o p u la t io n s  o f th e  n e a r ly  d eg en era te  l e v e l s .  I t  i s  of 
i n t e r e s t  t h a t  in c lu s io n  o f  J(-^ + 2J>̂  • in  the  m agnetic h a m ilto n ia n  
does no t a l t e r  th e  E .S .R . s p e c t r a  o f  m agnetic  t r i p l e t s  having 
s i g n i f i c a n t  ze ro  f i e l d  s p l i t t i n g s .  I f  th e  zero  f i e l d  s p l i t t i n g s  and
J  a re  o f  th e  same o rd e r  o f  magnitude as th e  h y p e rf in e  s p l i t t i n g s ,
^  36
in c lu s io n  o f  ^ * ^ 2  In  th e  h a m il to n ia n  becomes im p o rtan t.  This
35J .H . Van V leck, " E l e c t r i c  and Magnetic S u s c e p t i b i l i t i e s " ,  
The C larenden P r e s s ,  Oxford, 1932.
36F a l l e ,  e t  a l . . op. c i t .
s h a l l  not be the  case in  t h i s  work, however.
>
Return ing  t o  the  p rob lem  a t  hand— i t  s h a l l  be assumed t h a t  
one i s  d e a l in g  w ith  e i t h e r  a  s i n g l e t  o r  t r i p l e t  ground s t a t e  whose 
z e ro th  o rd e r  product w av e fu n c tio n  i s  approxim ated by
„T ,L , R .HC
% k js  -  *k *k  — M
L R HCi|r, and 1  a re  w avefunctions  f o r  i d e n t i c a l  fragm ents  and * r e p re s e n ts  K K JZ
a hydrocarbon l in k  between L and R. The h a m il to n ia n  should  in c lu d e  
i n t e r a c t i o n  between each subsys tem . However, we s h a l l  s im ply  re p la c e  
the  3<?^ f o r  a two component system  by 3C7 which in c lu d e s  th e  p e r t in e n t  
i n t e r a c t i o n s .
Exc ited  s t a t e s  c o r re sp o n d in g  to  th e  e x c i t a t i o n  o f  th e  l e f t  
subsystem from s t a t e  k to  s t a t e  k 7 may be w r i t t e n
..T _ .L . R ,HC
V,R,f “ k̂7
TThis z e ro -o rd e r  fu n c t io n  i s  however, d eg en e ra te  w i th  ■’S' .•/ 0 i n  the
IC ÎC f  Xt
z e ro th  o rd e r  app rox im ation . I n c lu s io n  of JC7 should remove th e  
degeneracy so t h a t  th e  w av e fu n c tio n s  become:
Y(±) = / 2 (Yk 7, k , f  *  ^ k . k 7, ^  ••**44
w ith  f i r s t  o rd e r  energy
E(±) = E^ + E2 ■!" E^ ± / 2  B . . .  .45
The degeneracy of the excited  s ta te  i s  s p l it  and the composite 
molecule e lec tro n ic  spectrum may show a larger number of tra n sitio n s
36
th a n  the  subsystem s. The e l e c t r o n i c  t r a n s i t i o n  moment f o r  a  p a r t i c u l a r  
conform ation  may be approximated by
In  th e  f i n a l  a n a l y s i s ,  th e  number o f t r a n s i t i o n s  seen  s h a l l  depend 
upon th e  degree o f  i n t e r a c t i o n  among the  subsystem s and t h e i r  
r e l a t i v e  o r i e n t a t i o n .  Thus, comparison o f  th e  e l e c t r o n i c  spectrum  of 
th e  composite m olecule and i t s  subsystems a l lo w s  one to  e v a lu a te  the  
deg ree  o f  i n t e r a c t i o n  of th e  subgroups.
sm all ( a s  fo r  1,3-BNNP and 1,2-BNNE), a re a so n a b le  assum ption  i s  t h a t  
th e  unpa ired  e l e c t r o n  d i s t r i b u t i o n s  in  th e  com posite  m olecule  may 
be a d e q u a te ly  d e sc r ib e d  by th e  subsystem w a v e fu n c t io n s .  In  th e  s p e c i f i c  
case  o f  weakly i n t e r a c t i n g  t r i p l e t  m o lecu les ,  th e  z e r o - f i e l d  s p l i t t i n g s  
f o r  a  p a r t i c u l a r  conform ation  may be approxim ated  u s in g  th e  doub le t  
un p a ired  e l e c t r o n  d i s t r i b u t i o n .  Comparison o f  c a l c u l a t e d  and 
ex p er im en ta l  ze ro  f i e l d  s p l i t t i n g s  a l low s  one to  de te rm ine  the  
conform ation  o f  the  m olecu le .
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I f  i t  i s  found t h a t  the i n t e r a c t i o n  between subsystems i s
I I .  EXPERIMENTAL METHODS AND MATERIALS
(A) Compounds
The a - n i t r o n y l n i t r o x i d e  r a d i c a l s  were p repared  by th e
1
g e n e ra l  method o f  O sieck i and Ullman . In  t h i s  method, the  d e s i r e d
aldehyde  (RCHO) i s  r e a c te d  w i th  2 ,3 -b is - (h y d ro x y la m in o ) -2 ,3 -d im e th y l-  
2
bu tan e  i n  a p p r o p r ia te  s o lv e n ts  to  form th e  t r ih y d r o - a - R - n i t r o n y l -  
n i t r o x i d e .  The l a t t e r  i s  o x id iz e d  i n  benzene t o  give th e  r a d i c a l .
T h is  r e a c t i o n  m ix ture  i s  f i l t e r e d  th rough  magnesium s u l f a t e  to  remove 
th e  e x cess  le a d  (IV) d io x id e  and th e  lead  ( I I )  hydroxide t h a t  i s  
form ed. The benzene i s  removed by means o f  a r o t a t i n g  f l a s k  e v a p o ra to r .
3
1. 2 .3 -d in i t r o - 2 .3 - d im e th v lb u ta n e  : 250 ml. o f  6N NaOH were p laced
i n t o  a 2 l i t e r  2 neck f l a s k  and cooled w ith  i c e  to  a tem pera tu re  
between 5°C and 0°C. 133.5 grams (1 ,5  moles) o f  2 -n itro p ro p an e
w ere added to  the  NaOH v i a  a d ropp ing  fu n n e l .  The a d d i t io n  was 
c a r r i e d  o u t  v e ry  slow ly  and th e  r e a c t io n  m ix tu re  was c o n s ta n t ly  
s t i r r e d ,  so t h a t  the  tem p era tu re  was m ain ta ined  below 10°C. A f te r  
th e  a d d i t i o n  o f  th e  2-n i t r o p ro p a n e  was com plete , 120 grams o f 
bromine (~ .7 5  moles) was added drop by drop w h ile  th e  tem pera tu re  
was m a in ta in ed  below 10°C. The r e a c t i o n  m ix tu re  was allow ed to
^■J. O s ieck i and E .F .  Ullman, Jj_ Am. Chem. S o c . . 90, 1078
(1 9 6 8 ) .
2M. Lamchen and T.W. M it ta g e ,  J .  Chem. S o c . .  Sec.C , 2300
(1 9 6 6 ).
^R. S ayre , J .  Am. Chem. S o c . . 77, 6689 (1955).
warm to  room tem p era tu re  and 500 ml o f  95% e th a n o l  was added. The 
m ix ture  was g e n t ly  r e f lu x e d  f o r  3 h o u rs .  P ro d u c t u s u a l ly  appeared 
w i th in  an h o u r .  The r e a c t i o n  m ix tu re  was t r a n s f e r r e d  to  ~£00 ml of 
i c e  and f i l t e r e d  w h ile  co ld .  Seventy p e rc e n t  o r  b e t t e r  y i e ld s  were 
c o n s i s t e n t l y  o b ta in e d ,  w h ile  the  l i t e r a t u r e  y ie ld  was 56%. Our 
h ig h e r  y i e l d s  may be a t t r i b u t a b l e  to  c o o lin g  th e  m ix tu re  d u r in g  th e  
a d d i t io n  o f  th e  2-n i t ro p ro p a n e  s in c e  t h i s  was n o t a p a r t  o f  the  
l i t e r a t u r e  s y n th e s i s .  The 2 ,3 - d in i t ro - 2 ,3 - d im e th y lb u ta n e  was used 
w ith o u t  f u r t h e r  p u r i f i c a t i o n .
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2. 2 .3 -b is (h v d ro x y la m in o ) -2 .3 -d im e th y lb u ta n e  : 2 ,3 -b is - (h y d ro x y la m in o )-
2 ,3 -d im e th y lb u tan e  was p rep a red  by re d u c in g  2 ,3 -d in i t r o - 2 ,3 - d im e th y l -  
butane w ith  z in c  d u s t  i n  a 50 w eigh t p e rc e n t  e th a n o l  s o lu t io n  which 
was b u f fe re d  w i th  ammonium c h lo r id e .  The 2 ,3 - i n i t r o - 2 ,3 - d i m e t h y l -  
butane (100 grams) was p laced  i n  a 3 l i t e r  round-bottom ed f l a s k  w ith  
1150 ml o f  50% e th a n o l .  The s o lu t i o n  was th e n  s t i r r e d  c o n s ta n t ly  
w i th  a m echanical s t i r r e r  d u r in g  th e  cou rse  o f  the  r e a c t i o n .  Zinc 
d u s t  (200 grams) was added over  a p e r io d  o f  3 hou rs  w h ile  th e  
tem p era tu re  was m ain ta in ed  below 10°G. The r e a c t i o n  m ix tu re  was s t i r r e d  
f o r  3 a d d i t i o n a l  hours  and th en  allow ed to  warm and s i t  o v e rn ig h t  a t  
room te m p e ra tu re .
A f t e r  v ig o ro u s  s t i r r i n g ,  th e  s ludgy  m ix tu re  was f i l t e r e d  
th rough  a Btichner fu n n e l .  The z in c  s ludge was washed tw ice  w ith  250 ml 
o f  w a te r ,  once w i th  250 ml o f  507. e th a n o l  and tw ice  a g a in  w i th  200 
and 175 ml o f  w a te r ,  r e s p e c t i v e l y .  One could sm ell th e  p roduct a t
t h i s  s ta g e  o f p r e p a r a t io n .  The w ashings were a c i d i f i e d  to  a pH of 
1 o r  2 and th e  s o lu t io n  was ev ap o ra ted  w i th  a r o t a t i n g  f l a s k  e v a p o ra to r  
a t  reduced p r e s s u re .  The r o t a t i n g  f l a s k  was hea ted  w i th  a w ate r  b a th ,  
keep ing  the  tem pera tu re  below 55°C. When ap p ro x im a te ly  300 ml of 
syrupy s o lu t io n  remained i n  th e  f l a s k ,  i t  was cooled and slow ly poured 
over powdered sodium c a rb o n a te .  S u f f i c i e n t  sodium ca rbona te  was used 
t o  in su re  t h a t  the  s o l id  formed was d ry .  The s o l id  m a te r ia l  was 
e x t r a c te d  w ith  ch lo ro fo rm  f o r  about 4 hours  i n  two r a t h e r  la rg e  
S ox h le t  e x t r a c t o r s .  Sodium ca rbona te  was used to  dry  th e  e x t r a c t  
(some o f the  p ro d u c t would f l o a t  to  th e  s u r fa c e  where i t  could be 
removed). The ch lo ro fo rm  was d i s t i l l e d  o f f ,  l e a v in g  th e  d e s ire d  
p ro d u c t .  The re s id u e  and p r e v io u s ly  removed p ro d u c t  were r e c r y s t a l l i z e d  
from e th a n o l  and p e tro leu m  e t h e r .  The b e s t  y i e l d  o b ta in e d  was 30% 
a f t e r  r e c r y s t a l l i z a t i o n .
3. q - m e th v ln i t r o n y ln i t r o x id e : 2 .7  grams o f  2 ,3 -b is - (h y d ro x y la m in o ) -
2 , 3-d im ethy lbu tane  i n  25 ml o f  benzene was r e a c te d  w i th  th re e  tim es 
th e  re q u ire d  amount o f  f r e s h l y  d i s t i l l e d  a c e ta ld e h y d e .  The r e a c t io n  
was allowed to  p roceed  w i th  i n t e r m i t t a n t  s t i r r i n g  f o r  4 hours .  The 
p ro d u c t ,  t r ih y d r o - c r m e th y ln i t r o n y ln i t r o x id e  was reco v ere d  by 
v a p o r iz a t io n  of th e  s o lv e n t  and was r e c r y s t a l l i z e d  from e th a n o l  
and low b o i l i n g  (~*70°C) p e tro le u m  e t h e r .  O x id a tio n  o f  t r ih y d r o -  
a - m e th y ln i t r o n y ln i t ro x id e  to  th e  r a d i c a l  was e f f e c t e d  w ith  excess 
Pb02 i n  100 ml o f  benzene. A f te r  f i l t e r i n g  th e  m ix tu re  through 
magnesium s u l f a t e ,  th e  benzene was e v a p o ra te d .  The p ro d u c t was
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r e c r y s t a l l i z e d  from e th a n o l  and p e tro leu m  e th e r  y ie ld in g  red  c r y s t a l s  
(M elting  range 9 2 .5 -9 3 .0 °C ) .
a - M e th y ln i t ro n y ln i t ro x id e  (a-MNN) s in g le  c r y s t a l s  were 
grown q u i t e  by a c c id e n t .  A s o lu t i o n  o f  a-MNN i n  p e tro leu m  e t h e r  was 
l e f t  i n  an  erlenmeyer under th e  ex h a u s t  hood f o r  s e v e ra l  d ay s .  The 
c r y s t a l s  were found w ith  only  a sm all amount o f  s o lu t io n  rem ain ing .
The rem aining  s o lu t io n  was poured o f f ,  and th e  c r y s t a l s  were washed 
w i th  pe tro leum  e t h e r  i n  a  Buchner fu n n e l .  The c r y s t a l s  appeared  to  
be e i t h e r  rhombohederal or one o f  th e  o r th o rh o m ib ic  v a r i a t i o n s .
4 .  t t - p h e n v ln i t r o n v ln i t r o x id e : This  compound was p rep a red  acco rd in g
4
t o  th e  unpublished  method o f O s ieck i and Ullman . 4 .4  grams o f
2 ,3 -b is - (h y d ro x y la m in o ) -2 ,3 -d im e th y lb u ta n e  was added to  150 ml of 
methanol in  which i t  d is s o lv e d  ( e n d o th e rm ic a l ly ) . To th e  s o lu t io n  
was added 3 .5  grams benzaldehyde from a f r e s h l y  opened b o t t l e .  The 
r e a c t i o n  m ix tu re  was s t i r r e d  24 h o u r s .  Some p ro d u c t  c r y s t a l l i z e d  
from s o lu t io n .  The rem ain ing  s o lu t i o n  was ev ap o ra ted  and th e  p ro d u c t ,  
t r i h y d r o - a - p h e n y ln i t r o n y ln i t r o x id e ,  was r e c r y s t a l l i z e d  from benzene 
and pe tro leum  e th e r  ( y ie ld  60%). A f t e r  th e  s ta n d a rd  o x id a t io n  
p ro ced u re  o - p h e n y ln i t r o n y ln i t ro x id e  was r e c r y s t a l l i z e d  from e th a n o l  
and pe tro leum  e t h e r .  (M elting  range 8 7 .0 - 8 7 .2°C). I t  c r y s t a l l i z e d  
a s  dark  blue, n e e d le s .
5. a - ( o - t o l v l ) n i t r o n v l n i t r o x i d e ; a - ( o - t o l y l ) n i t r o n y l n i t r o x i d e  was 
p rep ared  by th e  same method used f o r  a - p h e n y ln i t r o n y ln i t r o x id e ;
4
E .F .  Ullman, p r iv a t e  communication.
th e  s t a r t i n g  aldehyde was o - to ly l -b e n z a ld e h y d e .  S ince the r e a c t io n  
r a t e s  were much s low er,  th e  r e a c t i o n  t im es  had to  be doubled. Yields 
were down to  about 47% f o r  th e  t r i h y d r o - r a - ( o - to ly l ) n i t r o n y ln i t r o x id e .  
R e c r y s t a l l i z a t i o n  from e th a n o l  and p e tro le u m  e th e r  y ie ld e d  v i o l e t  
c r y s t a l s  which had a m e lt in g  range of 1 2 6 .5 -1 2 7 .5°C.
6 . 1 . 3 - b i s - ( g - n i t r o n y l n i t r o x i d e ) p r o p a n e : A ld r ich  40% g lu ta ra ld eh y d e  
in  aqueous s o lu t io n  was r e a c te d  d i r e c t l y  w i th  an ex cess  of 2 , 3 -b is  
(d ih y d ro x y la m in o t) -2 ,3 -d im e th y lb u ta n e .  The p roduct was mixed w ith  a 
benzene -  e th a n o l  mixed s o lv e n t  and h e a te d  to  e f f e c t  s o lu t io n .  R ather 
th a n  d i s s o l v e ,  th e  m a te r ia l . t e n d e d  to  em u ls ify .  Thus, the product 
was e f f e c t i v e l y  washed-^-not t r u l y  r e c r y s t a l l i z e d .
1 , 3- b i s - ( t r i h y d r o  a - n i t r o n y ln i t ro x id e ) p r o p a n e  was ox id ized  
in  th e  s ta n d a rd  way. The p ro d u c t  was r e c r y s t a l l i z e d  from a mixed 
so lv e n t  o f  e th a n o l  and p e tro leu m  e th e r  y ie ld in g  dark  red  c r y s t a l s .  
(M elting  range  134-136°C).
7 . 1 . 2- b ia - ( t t - n i t r o n v ln i t r o x i d e ) e th a n e  and b i s - C a . t t ' - n i t r o n y ln i t r o x id e )  : 
These samples were k in d ly  p rov ided  by D r. E .F . Ullman o f Sy lvar 
R esearch  I n s t i t u t e ,  P a lo  A l to ,  C a l i f o r n i a .  . l , 2 - b i s - ( a - n i t r o n y l -  
n i t r o x id e ) e th a n e  m elted s h a rp ly  a t  153° im plying t h a t  the sample was 
v e ry  p u r e .
(B) S o lv en ts
1. H ydrocarbons: P h i l l i p s  pure  grade 3-m ethy lpen tane , n-hexane and
iso p e n ta n e  were washed w i th  fuming s u l f u r i c  acid  fo r  s e v e ra l  hours to
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remove arom atic  im p u r i t i e s .  They were washed w ith  w a te r ,  s a tu r a te d  
sodium carbonate  s o lu t i o n ,  and w ate r  a g a in .  These s o lv e n ts  were 
norm ally  d r ie d  over magnesium s u l f a t e  and d i s t i l l e d .  Matheson,
Coleman and B e l l  s p e c t r o q u a l i ty  cyclohexane was used w ith o u t  f u r th e r  
p u r i f i c a t i o n - - e x c e p t  d ry ing  i t  fo r  E .S .R . and U.V. s o lv e n t  s t u d i e s .
2 . E th a n o l : U.S. I n d u s t r i a l  Chemicals Company a b s o lu te  pure a lc o h o l
re a g e n t  q u a l i t y  was used w ith o u t  f u r t h e r  p u r i f i c a t i o n .
3 . E thy l E th e r : M allin ck ro d t andydrous a n a l y t i c a l  re a g e n t  grade
e th y l  e th e r  was used w ithou t p u r i f i c a t i o n .  F or  so lv e n t  s tu d ie s  i t  
was f u r th e r  d r ie d  using  l i th iu m  aluminum h y d r id e .
4 .  Mixed S o lv e n ts :
E.P.A.
E.P.A. i s  a m ixture o f  i s o p e n ta n e ,  e th y l  e th e r  and e th y l  
a lc o h o l  in  a volume r a t i o  o f 5 :5 :2 .  The p r e p a r a t i o n  o f the  c o n s t i tu e n t  
s o lv e n ts  has been d e sc r ib e d .  Normal p rocedure  in  p re p a r in g  the  so lv e n t  
was to  dry  th e  g lassw are  in  an  oven b e fo re  p r e p a r a t i o n .  E .P.A. forms 
a r i g i d  g la s s  a t  77°K. The g la s s  shou ld  be a llow ed  to  thaw s low ly ; 
o th e rw ise  i t  w i l l  cause d e l i c a t e  a b s o rp t io n  c e l l s  to  c rack .
P.M. P.
P.M.P. i s  a m ixture o f iso p e n ta n e  and 3-m ethylpentane in  
a  volume r a t i o  o f  8 :5 .  P.M.P. forms a g la s s  a t  77°K, b u t  the  g la s s  i s  
n o t so r i g i d  as E .P .A . ,g la s s e s  a t  77°K.
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5. Carbon T e t r a c h lo r id e : Matheson, Coleman and B e l l  s p e c t r o q u a l i t y
carbon t e t r a c h l o r i d e  was d r ie d  v ia  the  ^ 2^5 ^o r  so lv e n t
s tu d i e s .  I t  was, o th e rw ise ,  used w ith o u t  f u r t h e r  p u r i f i c a t i o n .
6 . Chloroform : M allin ck ro d t a n a l y t i c a l  r e a g e n t  ch lo ro fo rm  was 
washed w ith  two p o r t io n s  o f  s u l f u r i c  a c id ,  d i l u t e  NaOH and f i n a l l y  
w ith  ^ 0  to  remove any rem aining e th a n o l  o r  a c e to n e .  The ch lo ro fo rm  
was d r ie d  by d i s t i l l i n g  over ^ 2^ 5*
7. A c e t o n i t r i l e : "Baker Analyzed" r e a g e n t  a c e t o n i t r i l e  was d r ie d  
u s in g  the  ^ 2^5 te c h n iq u e .
8 . M e th y la c e ta te : F ish e r  S c i e n t i f i c  Company c e r t i f i e d  m e th y la c e ta te  
was d r ie d  u s ing  ^ 2^ 5 *
9. I s o b u ty l a l c o h o l : Dried over barium  oxide  s e v e ra l  t im e s .
10. Drying o f S o lv e n ts : S ev era l  tim es i n  th e  course  o f the  r e s e a r c h ,
i t  became n ec e ssa ry  to  dry  the  s o lv e n ts  as  th e  p u r i t y  of th e  s o lv e n t  
was im p o r ta n t .  This i s  e s p e c i a l l y  t r u e  fo r  o p t i c a l  s o lv e n t  e f f e c t s  
and f o r  i s o t r o p i c  h y p e r f in e  s p l i t t i n g  changes o f  th e  a - n i t r o n y l  
n i t r o x id e  d o u b le ts  accompanying a s o lv e n t  change.
Two d ry in g  techn iques  were used , n-hexane and e t h y l  
e t h e r  were d r ie d  w ith  l i th iu m  aluminum h y d r id e .  An ex cess  o f  th e  
hydride  was added to  the  so lv e n t  under a n i t r o g e n  atm osphere d u r in g  
th e  hydrogen e v o lu t io n  p e r io d .  The s o lv e n ts  were d i s t i l l e d  from 
th e  m ix tu re  in  an a l l  g la s s  s t i l l  t h a t  was open to  a i r  th ro u g h  a 
^ 2^5 d ry in g  tu b e .  Benzene, carbon t e t r a c h l o r i d e ,  ch lo ro fo rm ,
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methyl a c e t a t e  and a c e t o n i t r i l e  were d r ie d  w ith  ^ 2^ 5* s ° l v e n ts
were r e f lu x e d  over ^ ^ 5  s e v e ra ^ tim es u n t i l  th e re  was l i t t l e - - i f  
a n y - -y e l lo w in g  o f  the ^ 2^ 5 * T^e so ^v e n ts  were d i s t i l l e d  over sodium 
ca rb o n a te  i n  an a l l  g la s s  a p p a ra tu s  connected to  the  a i r  through a 
P2O,. d ry in g  tu b e .
(C) E le c t r o n i c  S p e c t r a l  Measurements
The e l e c t r o n i c  a b s o rp t io n  s p e c t r a  were measured w ith  a 
Cary 14 sp ec tro p h o to m ete r .  The measurements were made in  a v a r i e t y  
o f s o lv e n ts  and a t  s e v e ra l  te m p e ra tu re s .  The s o lv e n ts  used fo r  t h i s  
work were p u r i f i e d  as  p re v io u s ly  d e s c r ib e d .  The accuracy  of th ese  
measurements i s  e s t im a te d  to  be ±3 angstrom s u n le s s  o therw ise  
s p e c i f i e d .  A l l  e x t i n c t i o n  c o e f f i c i e n t s  (e )  a re  re p o r te d  in  u n i t s  of 
l i t e r s  p e r  mole c e n t im e te r ;  th u s ,  the  u n i t s  w i l l  not be e x p l i c i t l y  
s t a t e d  i n  d i s c u s s io n  o f maximum i n t e n s i t i e s .
In  the  measurement o f s p e c t r a l  d a ta  d es ig n a te d  as room 
te m p e ra tu re  ( R .T .) ,  the tem pera tu re  was no t s p e c i a l ly  c o n t ro l le d  bu t 
was r e g u la t e d  by the  room therm al c o n t r o l .  The "room tem pera tu re"  
i s  abou t 24°C. A bso rp tion  s p e c t r a  a t  77°K in  r i g i d  g la s sy  s o lu t io n s  
were measured by a method p re v io u s ly  d e sc r ib e d  by McDonald^. For 
in te rm e d ia te  tem p era tu re  [77 < T  < R .T . ] ,  a s p e c ia l  tem perature  
c o n t r o l l i n g  dev ice  was u t i l i z e d .  The v a r i a b l e  tem pera tu re  dev ice
^J .R . McDonald, Ph.D. D i s s e r t a t i o n ,  L o u is ian a  S ta te  
U n iv e r s i t y ,  1968.
45
£
c o n s is te d  o f  an in s u l a t e d  sample compartment and a cooled n i t ro g e n  
gas flow system^. The Cary sample compartment was in s u la te d  w ith  
o n e - fo u r th  inch  a s b e s to s ,  and th e  i n s u l a t i n g  o p t i c a l  windows were 
o n e - fo u r th  inch  q u a r tz  p l a t e s .  Cooling n i t ro g e n  gas was c i r c u l a t e d  
th rough  the Cary sample compartment gas i n l e t s .  The co o lin g  n i t ro g e n  
was ob ta ined  by b o i l in g  l iq u id  n i t ro g e n  from a 15 l i t e r  dewar us ing  
a v a r i a c  c o n t ro l le d  c o i le d  nichrome w ire  h e a te r .  The cool n i t ro g e n  
gas was channeled to the  sample chamber v ia  a h ea t  exchanger. The 
h e a t  exchanger was a copper c o i l  immersed in  l iq u id  n i t ro g e n .
Connecting tu b in g  was i n s u la te d  copper or vacuum rubber  tu b in g .
N itro g en  flow r a t e  was c o n t r o l l e d  by a d ju s t in g  the. h e a te r  c u r re n t .
Dry R,T. n i t ro g e n  was c i r c u l a t e d  th rough  the  d e t e c t o r ,  r e fe re n c e  
and monocromater s e c t io n s  o f th e  Cary 14 to  avoid  condensa tion  o f 
m o is tu re .
O p tic a l  lum inescence s p e c t ra  were measured w ith  th e  Cary
8Model 14 sp ec tro p h o to m ate r  by the  method d e sc r ib e d  by Holloway .
(D) E.S.R. Measurements
E.S.R . measurements were made w ith  a JEOLCO JES-3BX X-band 
sp e c tro m e te r .  The microwave f requency  in  th e se  measurements v a r ie d  
between 9200 and 9400 Me. S A c y l i n d r i c a l  c a v i ty ,  o p e ra t in g  in
6The sample compartment was designed  by J .H . Wharton and 
b u i l t  by A. Maresco.
^The n i t ro g e n  flow system  was designed  and b u i l t  by 
C e c i l  Chopin.
Q
H. Holloway, Ph.D. D i s s e r t a t i o n ,  L o u is ian a  S ta te  U n iv e r s i ty ,  
Baton Rouge, L o u is ia n a ,  1967.
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th e  TEq^  model was used in  a l l  measurements. The l a r g e s t  component
o f  the  microwave magnetic f i e l d  i s  p e rp e n d ic u la r  to  the  " s t a t i c "
I I Im agnetic  f i e l d .  (Thus, the  = 2 t r a n s i t i o n s  H , H , H ins x y z
e q u a t io n  20 a re  no t o b se rv e d ) . The " s t a t i c "  m agnetic  f i e l d  i s  
modulated by an 80 c y c le / s  o r  a lOOKc/s a u x i l i a r y  f i e l d ,  and the  
am plitude  o f  the m odulation ( i . e . ,  the  m odula tion  w id th )  can be v a r ie d  
from 30 gauss  to  approx im ate ly  10 m i l l i g a u s s .
A bso lu te  measurements o f  the s t a t i c  m agnetic  f i e l d  were 
made w ith  a Magnion I n d u s t r i e s  Gaussmeter (Model 6 -5 0 2 ) .  I f  one 
has a p r e c i s io n  frequency meter to  m onitor th e  p ro to n  n u c le a r  
m agnetic  resonance f re q u e n c ie s ,  i t  i s  p o s s ib le  to  o b ta in  6 s i g n i f i c a n t  
f ig u r e s  in  the  s t a t i c  m agnetic  f i e l d  measurements. The m agnetic 
f i e l d  i s  g iven  by:
H = ( v /4256.76) gauss  s e c /c y c le  . . . . 4 7
in  which v i s  th e  n u c le a r  resonance  freq u en cy . S ince a frequency
c o u n te r  was not c o n t in u a l ly  a v a i l a b l e ,  the  gaussm eter frequency
m eter was c a l i b r a t e d  by means o f a H ew lett-P ackard  Model 5245L
9
E le c t r o n ic  Counter . The accu racy  of the  m agnetic  f i e l d ,  when u s in g  
th e  Magnion frequency  m eter and our  c a l i b r a t i o n  t a b l e ,  i s  approx im ate ly  
±2 g au ss .  The c a l i b r a t e d  gaussm eter was used fo r  t r i p l e t  s p e c t r a l  
measurements.
9
Thanks i s  due Dr. R.G. Goodrich o f  the  L o u is ian a  S ta te  
U n iv e r s i ty  Department o f P hy s ics  and Astronomy f o r  making the  
c o u n te r  a v a i l a b l e .
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Small r e l a t i v e  changes (a few gauss) in  the  s t a t i c  m agnetic
f i e l d  were measured w ith  the  JEOLCO Magnetic F ie ld  C a l ib r a to r
("N.M.R. m ark e r" ) .  The marker u t i l i z e s  a v a r i a b le  frequency  c r y s t a l
o s c i l l a t o r ,  and f ix e d  frequency  c r y s t a l  o s c i l l a t o r  \>p* The two
o s c i l l a t o r s  a re  l i n e a r l y  coupled to g ive  resonances  a t  - \>p, Vy,
and Vy + Vp. These correspond t o  m agnetic f i e l d  s t r e n g th s  o f 
nvF
H.r - — t—. The f i e l d  d iffe ren ce ,A H , between th e  resonances  c e n te re d  
T N  2hv .
about H„ i s  — —  (overtone  resonances  o f  v™ cause e x t r a  re so n an ces  to
v  ? n 8n  f
a p p e a r ) .  AH i s  ap p ro x im a te ly  5 gauss and once c a l ib r a t e d  i t  i s
v e ry  s t a b l e .  The marker was c a l i b r a t e d  from E.S.R . spectrum  of
an th racen e  c a t io n  r a d i c a l ^ ,  and AH was found to  be 4 .97  ± .02 g auss .
Anthracene c a t io n  r a d i c a l  i s  p rep ared  by d is s o lv in g  an th racen e  in
18M s u l f u r i c  a c id .  The s o lu t io n  i s  p laced  i n  a 1 mm c a p i l l a r y  tube
v ia  " c a p i l l a r y  a c t io n " .
The microwave frequency  was measured by means o f a tuned
frequency  m eter t h a t  i s  b u i l t  i n t o  the  JEOLCO in s tru m e n t .  Frequency
m eter re a d in g s  must be converted  in to  frequency by means o f  a
c a l i b r a t i o n  c h a r t .  I t  i s  e s t im a te d  t h a t  the e r r o r  in  the  f req u en cy
o b ta in ed  by t h i s  p rocedure  i s  ±lMc.
C e r ta in  c r i t e r i a  were follow ed in  measuring the  s p e c t r a  to
11avoid  d i s t o r t i o n  o f  the  resonance  s ig n a l  . I t  was a t te m p te d ,
■''^J.R. Bolton  and G.K. F ra e n k e l ,  J .  Chem. P h y s . . 40 , 3307 (1964). 
11 C.P. P o o le ,  J r . ,  " E le c t ro n  Spin Resonance", I n te r s c i e n c e  
P u b l i s h e r s ,  New York, N .Y ., 1967, p p .851-856.
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whenever p o s s ib le ,  to  adhere  to  th e  fo llo w in g  c r i t e r i a :
(1) The m odula tion  w id th  was k e p t  a t  l e s s  th an  one
f i f t h  the  E .S .R . peak to  peak  d e r iv a t iv e  ex trem a, AH .
PP
(2) The scann ing  speed and th e  response  time were 
m ain ta ined  such t h a t  th e  re sp o n se  time was l e s s  th a n  1./10 o f  th e  time 
re q u ire d  to  scan  AHpp.
(3) The microwave power was k ep t  below th e  s a tu r a t i o n  
l i m i t  to  avoid  s p e c t r a l  b ro ad en in g .
S o lu t io n s  f o r  R.T. E .S .R . measurement and those  f ro z e n  f o r  
low tem pera tu re  E .S .R . measurements were degassed th o ro u g h ly  t o  remove 
a l l  oxygen. Each sample underwent fo u r  f re e z e - th a w  c y c le s  under 
vacuum. Since th e  E .S .R . sample tu b es  have sm all d ia m e te r s ,  th e se  
tubes  were connected to  a l a r g e r  tube  i n  o rd e r  to  degass  th e  sam ples.
The a p p a ra tu s  i s  shown in  F ig u re  2 .1 .  The a p p a ra tu s  a l s o  has the 
advantage t h a t  E .S .R . tube c o n c e n t r a t io n s  may be d i l u t e d  by warming 
the. l a r g e r  tube and c o o l in g  th e  s m a lle r  E .S .R . tu b e .  E .S .R . sample 
tube d iam ete rs  were v a r i e d  t o  f i t  th e  n a tu re  o f th e  s o lv e n t  being used. 
In  g e n e ra l ,  more p o la r  s o lv e n ts  r e q u i r e  sm a l le r  tu b es  s in c e  the p o la r  
so lv e n ts  absorb* i n  th e  microwave s p e c t r a l  r e g io n .  For hydrocarbons 
o r  non -po la r  s o lv e n ts  5mm O.D. q u a r tz  tu b es  were used . For e th a n o l ,  
dimethoxyethane and E.P .A . 3MM O.D. pyrex  tu b e s  were u sed ; fo r  
a c e t o n i t r i l e  2mm O.D. p y rex  tu b es  were used and f o r  w a te r  and ^ S O ^
1 mm O.D. pyrex  cap;Lliary tu b e s  were used . No s i g n i f i c a n t  im p u r i t ie s  
were encoun tered  in  th e  p y rex  g la s s  tu b e s ,  and e x c e l l e n t  r e s u l t s  were 
ob ta in ed  from t h e i r  u s e .  I t  i s  s i g n i f i c a n t  t h a t  a s  a s o lv e n t  " f r e e z e s " ,
FIGURE 2 . 1 .  E . S . R .  s a m p l e  a p p a r a t u s .
50
th e  microwave power lo s s  d e c re a se s ,  and tube  s iz e  i s  n o t  so im portan t 
w i th  reg a rd  to  d i e l e c t r i c  power l o s s .
For the  77°K JE.S.R. measurements, use was made o f a s p e c ia l  
q u a r tz  dewar i n  which the  sample i s  p la c e d .  The dewar i s  p o s i t io n e d  
d i r e c t l y  in  the  resonance c a v i ty .  V a r iab le  te m p e ra tu re s —between 
R.T. and -155°C were achieved w ith  the  JEOLCO v a r i a b l e  tem pera tu re  
a p p a ra tu s .
R e la t iv e  methods o f measuring g v a lu e s  were made n ec e ssa ry  
by th e  la c k  o f  p r e c i s io n  measurement equipm ent. A lthough r e l a t i v e  
methods a re  more time consuming, they  do o f f e r  some a d v a n ta g e s .  For 
example, u t i l i z i n g  a b s o lu te  methods one does no t g e n e r a l ly  measure th e  
a b s o lu te  f i e l d  in  the  sample, bu t r a t h e r  t h a t  o f  th e  f i e l d  o u ts id e  the  
c a v i ty .  I f  p ro p e r ly  ex ecu ted ,  th e  r e l a t i v e  method e l im in a te s  t h i s  
sy s te m a t ic  e r r o r .
The g v a lu e  o f  an unknown compound was measured r e l a t i v e  
t o  th e  g v a lu e  o f  an th racen e  c a r t i o n  in  s u l f u r i c  a c id .  The E .S .R . 
spectrum  o f  the  an th racen e  cAtion r a d i c a l  (g = gQ) was measured.
The microwave frequency  re a d in g  and th e  tem p era tu re  were measured 
to  de term ine  th e  microwave frequency  (vQ) • The s t a t i c  m agnetic  
f i e l d  was m anually  a d ju s te d  so t h a t  th e  c e n te r  l i n e  o f  th e  
an th racen e  spectrum  was in  resonance . Having c a r e f u l l y  made the  
l a t t e r  a d ju s tm e n t ,  th e  Magnion Gaussmeter was a d ju s te d  u n t i l  the 
resonance  c o n d i t io n  f o r  the  N.M.R. p ro to n  probe was o b ta in e d - - a s  was 
in d ic a te d  on th e  o s c i l lo s c o p e  sc re e n  o f th e  gau ssm ete r .  Although
the s t a t i c  m agnetic  f i e l d  i s  unknown, i t  can be p r e c i s e ly  reproduced 
by sim ply  r e a t t a i n i n g  th e  re so n a n t  c o n d i t io n  o f  th e  gaussm eter.  I t  
i s ,  o f  c o u r s e ,  im p era tiv e  t h a t  the  gaussm eter not be a d ju s te d  a f t e r  
the  c r i t i c a l  i n i t i a l  ad ju s tm en t fo r  th e  r e fe r e n c e  compound.
Having completed the  ad ju s tm en t o f  th e  gaussm eter, th e  
r e fe r e n c e  compound in  th e  sp e c tro m e te r  resonance c a v i ty  was 
r e p la c e d  by th e  compound hav ing  the unknown g v a lu e .  The E .S .R . 
spectrum  o f  th e  unknown was then  m easured; a g a in ,  re c o rd in g  th e  
f requency  m eter  re a d in g  and tem p era tu re  from which the microwave 
frequency  (v^) was o b ta in e d .  The spectrum  was scanned v e ry  s low ly  
so t h a t  th e  f i e l d  a t  which th e  gauss m eter e x h ib i t s  resonance 
could be p r e c i s e l y  marked on th e  spectrum . T h is  l a t t e r  mark 
co rresponds  to  th e  s t a t i c  f i e l d  (Ho) a t  which th e  c e n te r  l i n e  o f  
the  a n th ra c e n e  c a t io n  r a d i c a l  e x h ib i te d  reso n an ce . The c e n te r  
o f  th e  unknown spectrum  co rresponds  to  the  " re so n a n t  f i e l d "  H^.
From th e  fo l lo w in g  r e l a t i o n s h i p s ,
g .P H = hv o o o
gl  V1H1 = hvl
AH = Hq -  Hx . . . .
one o b ta in s
AH was measured by means o f  th e  N.M.R. marker ( f i e l d  c a l i b r a t o r ) .
Anthracene was used because the  g v a lu e  o f  the  c a t io n  in  HgSO^ i s
12p r e c i s e ly  known (gQ = 2.00249) , and th e  r a d i c a l  i s  e a s i l y  p rep a red .
E r ro r  a n a ly s i s  i n d i c a t e s  t h a t  th e  random e r r o r  in  th e  g va lue  o f 
compounds s tu d ie d  i n  t h i s  r e s e a r c h  i s  .0007.
12M. Bersohn and J .G . B a ird ,  "An I n t r o d u c t io n  to  M agnetic 
Resonance", W.A. Benjamin, I n c . ,  New York, N .Y ., 1966; p . 70.
I I I .  RESULTS AND D IS C U S S IO N  OF fl-NITRONVLNITROXIDE
DOUBLET RADICALS 
(A) t t -M e th y ln i t ro n y ln i t ro x id e
1. E .S .R . D a ta : The room tem p era tu re  E .S .R . spectrum  o f  a -m eth y l-
n i t r o n y ln i t r o x id e  in  e th a n o l  i s  shown in  F ig u re  3 .1 .  The spectrum
i s  c o n s i s t e n t  w ith  t h a t  o f a ground s t a t e  d o u b le t  (g = 2.0064 ± .0007)
having  two m a g n e t ic a l ly  e q u iv a le n t  n i t ro g e n s  ( | a ^ l  = 7 .6  gauss) and
th re e  m a g n e t ic a l ly  e q u iv a le n t  hydrogens ( la^) = 3 .2  g a u s s ) .  The
major s p l i t t i n g s ,  g iv in g  tw enty  m ajor bands, a re  c o n s i s t e n t  w ith
th e  C2V s t r u c tu r e  shown in  F ig u re  0 .1 .
Tne major bands a r e  composed o f  s e v e ra l  sm a lle r  s p l i t t i n g s
of approx im ate ly  .2 g au ss .  These s m a l le r  s p l i t t i n g s  a re  a t t r i b u t e d
to  th e  twelve hydrogens a s s o c ia te d  w i th  th e  4 methyl groups which a re
bonded to  the a d ja c e n t  r in g  carbon atom s. At b e s t  9 l i n e s  a re  observed
t h a t  can be a s s o c ia te d  w ith  th e  sm a l le r  s p l i t t i n g s .  T h is  i s  l e s s
th an  the  13 l in e s  p r e d ic te d  on th e  b a s i s  o f  12 e q u iv a le n t  p ro to n s .
The a p p a ren t  d isc rep an cy  may be e x p la in e d  by c o n s id e r in g  th e  expected
r e l a t i v e  i n t e n s i t i e s  fo r  a 12 e q u iv a le n t  hydrogen E.S .R . spectrum .
12The c o e f f i c i e n t s  f o r  th e  expansion  (1+x) g ive  th e  r e l a t i v e  i n t e n s i t y  
r a t i o s  o f  1 ,1 2 ,6 6 ,2 2 0 ,4 9 5 ,7 9 2 ,9 2 4 ,7 9 2 ,4 9 5 ,2 2 0 ,6 6 ,1 2 ,1 .  Based on 
expected  r e l a t i v e  i n t e n s i t i e s  and th e  observed spectrum , th e  a b s o lu te
l a  t |
Ullman, e t  a l .  have r e p o r te d  | a ^ |  = 7 . 4 2  gauss and 
|a j j |  = 3 .3  gauss in  benzene.
lb D.6 .B. Boocock, R. Darcy and E.F. Ullman, J\_ Am. Chem.
S o c . . 90, 5945 (1958).
FIGURE 3 . 1 a  R . T .  E . S . R .  s p e c t r u m  o f  a-MNN i n  e t h a n o l . vn
■P-
H
FIG U R E - 3 .1 b «  R . T .  E . S . R .  s p e c t r u m  o f  a-MNN i n  b e n z e n e .




i n t e n s i t i e s  o f  the  weak o u te r  l i n e s  ( r e l a t i v e  i n t e n s i t i e s  1 and 12)
a r e  p re d ic te d  to  be lower th an  th e  n o ise  l e v e l  o f the  sp e c tro m e te r
a t  the r e q u ire d  o p e ra t in g  c o n d i t io n s .  Hence, the  fo u r  weak l i n e s
appear  to  be m iss ing  in  the  spectrum . The co n c lu s io n  i s  t h a t  th e re
e x i s t  12 e q u iv a le n t  hydrogens in  th e  m olecule  which a re  a s s o c ia te d
w i th  the  fou r  methyl groups a s  shown in  F ig u re  0 .1 .
13An e f f o r t  was made t o  observe  th e  C h y p e r f in e  s p l i t t i n g s
in  the wings o f the  "normal E .S .R . spectrum " o f  a -m ethyln ifcronyl-
n i t r o x id e  u s ing  a h ig h  g a in .  The la rg e  number o f  l in e s  in  th e  normal
_ 3
spectrum  made i t  n e c e s sa ry  to  use a r a t h e r  h ig h  c o n c e n t r a t io n  (~10 M)
i n  o rd e r  to  observe the  carbon  13 s p l i t t i n g s .  The c lo se  p ro x im ity  of
13th e  l i n e s  made i t  im p o ss ib le  to  d e t e c t  C s p l i t t i n g s  in  th e  i n t e r i o r
13o f  the  spectrum . Since C has  a s p in  of 1 /2 ,  one would exp ec t a
13normal spectrum  l in e  to  be s p l i t  i n t o  a d o u b le t  by a s in g le  C atom 
in  a m olecu le ; the  i n t e n s i t y  o f  such l i n e s  in c r e a s e s  as tn e  number o f
m a g n e t ic a l ly  e q u iv a le n t  carbon  atoms i n c r e a s e s .  Thus, based on the
13 13 13C i s o to p ic  abundance, and th e  C s p in ,  one would exp ec t a C
l i n e  to  be ~ l /200  o f  the  i n t e n s i t y  o f  th e  "normal s p e c t r a l "  l i n e  t h a t
i t  has s p l i t .
The E .S .R . s p e c t r a  a t  g a in s  o f 1 and 100 a re  shown in  
F ig u re  3 .2 .  Two s p l i t t i n g s  may be i d e n t i f i e d  in  th e  g a in  100 scan . 
One i s  a shou lder  on th e  now v e ry  in te n s e  "normal spectrum " end l in e  
and the  o th e r  i s  b a r e ly  d i s c e r n a b le  a t  a s l i g h t l y  h ig h e r  f i e l d .








FIGURE 3 .2 .  High g a in  E .S .R . spectrum of a-MNN in  benzene.
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sh o u ld e r  I s  a p p a r e n t ly  too in te n s e  (by a f a c t o r  o f  f o r  a s in g le  
13C , w h ile  th e  o th e r  l i n e  i s  too  weak (by a f a c t o r  o f  about 2) to  a r i s e
from a s in g le  carbon 13. Both l i n e s ,  however, a re  much too  in te n s e  to
a r i s e  from two m a g n e t ic a l ly  e q u iv a le n t  carbon 13 atoms on the  same
m olecu le . (T h is  would y i e ld  a 3 l in e  spectrum  w i th  i n t e n s i t i e s  o f
an o rd e r  o f magnitude s m a l le r  th a n  t h a t  o b s e rv e d ) .
The l o g i c a l  c o n c lu s io n  i s  t h a t  the  a c tu a l  a m p l i f i e r  g a in
does no t ag ree  w i th  th e  in s tru m en t pane l g a in  s e t t i n g s .  Assuming t h i s
13to  be th e  cqse and c o n s id e r in g  the  r e l a t i v e  i n t e n s i t i e s  o f  the  C
re so n a n c e s ,  th e  sh o u ld e r  ( \a^,l3 \ = 6 g) i s  a s s ig n ed  to  the  4 e q u iv a le n t
X 3methyl ca rb o n s .  The o th e r  C resonance = 12 g) i s  co n s id e red
to  a r i s e  from a m a g n e t ic a l ly  unique s i t e  in  th e  m olecu le . The
assignm ent of th e  l a t t e r  h y p e r f in e  s p l i t t i n g  w i l l  no t be made a t . : t h i s
p o in t ,  bu t s h a l l  be d e fe r r e d  to  S e c t io n  C o f  t h i s  c h a p te r .
The s p in  d e n s i t i e s  a t  the  v a r io u s  param agnetic  n u c le i - - f ro m
which s p l i t t i n g s  have been observ ed --h av e  been c a lc u la te d  u s ing
e q u a t io n  3a, Chapter I .  The r e s u l t s  a re  g iven  in  Table 3 .1  a long  w i th
th e  " b a s i s  o r b i t a l "  unp a ired  e l e c t r o n  p o p u la t io n s .  The unpaired
e l e c t r o n  spends ap p ro x im a te ly  9% o f  i t s  time in  s o r b i t a l s  o f  atoms
which g ive  r i s e  to  th e  observed i s o t r o p i c  s p l i t t i n g s ;  t h i s  r e s u l t
i s  e a s i l y  o b ta in e d  from th e  d a ta  in  Table 3 .1 .  Of c o u rse ,  th e se
measurements do no t r e f l e c t  the  t o t a l  s o r b i t a l  c h a ra c te r  o f  the
17u npa ired  e l e c t r o n  M.O. The n a tu re  abundance o f  0 i s  only  .037% and
TABLE 3 . 1
NUCLEAR SPIN DENSITIES AND S ORBITAL SPIN POPULATIONS OF g-MNN
Atom gN3 Ja j (gauss) o ( a . u . )  ^max N uclear Spin D en s ity  ( a . u . )
A.O. Spin P o p u la t io n
H ' 5 .855 .2 .3 1 8 2a . 0001 (is) .0004
H ' 5.855 3 .2 .318 .0020 (is) .0063
N14 .403 7 .6 4 .7 7 2b .067 (2S) .014
c13 1.405 6 2 .7 7 2b .002 (2S) .005
c13 1.405 12 2.77 .003 (2S) .010
2. (a )  A. C a r r in g to n  and A. McLachlan, " In t ro d u c t io n  to  Magnetic Resonance",
H arper and Row, New York, N .Y., 1967, p ' . x i x . . ..
(b) J .  R. MOrton'. Chem. . Rev. 1 . '64 , ' 5-53 (1964).
3. "Handbook o f  Chemistry and P h y s ic s ,  4 9 th  E d i t io n " ,  The Chemical Rubber Company, 
C leve land , Ohio, p.E72.
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p re c lu d e s  o b s e rv a t io n  of th e  oxygen 17 s p l i t t i n g s  even a t  v e ry  h igh  
g a in .  The o th e r  p o s s ib le  carbon 13 i s o t r o p i c  s p l i t t i n g s  w ere , 
a p p a r e n t ly ,  l e s s  th an  6 gauss and could n o t be o bserved . I t  should 
be noted t h a t  the  n i t ro g e n  i s o t r o p i c  h y p e r f in e  s p l i t t i n g  c o n s ta n t  in  
a-MNN i s  ap p ro x im a te ly  o n e -h a lf  the  v a lu e  observed  f o r  s im ple n i t r o x id e
4
r a d i c a l s  hav ing  a s in g le  N-0 group. For exam ple, d i - t - b u t y l  
n i t r o x id e  has a measured i s o t r o p i c  h y p e r f in e  s p l i t t i n g  c o n s ta n t  o f  
15.9 gauss in  m ethanol. This i s  about 1 /2  th e  magnitude 
( l a j j |  = 7 .6  gauss) f o r  a - m e th y ln i t r o n y ln i t ro x id e  in  e th a n o l .  Since 
a - m e th y ln i t r o n y ln i t ro x id e  has 2 N-0 groups c o n s t r a s t e d  to  one in
d i - t - b u t y l n i t r o x i d e ,  one would ex p ec t th e  s p l i t t i n g  to  be abou t 1/2  
a s  l a r g e — i f  the  n a tu re  o f  the  unparied  e l e c t r o n  M.O. were th e  same 
in  n i t r o x id e  and a - n i t r o n y l n i t r o x i d e s .  A prem ature  c o n c lu s io n  
(b u t  a h e lp f u l  h in t )  i s  t h a t  the two c l a s s e s  o f  r a d i c a l s  have the  
same type  o f  unpa ired  e l e c t r o n  M.O. O ther com parisons s h a l l  be made 
a f t e r  more d a ta  i s  examined.
Some f u r t h e r  u s e fu l  p r o p e r t i e s  in  d e te rm in in g  the  ground 
s t a t e  o f  r a d i c a l s  a r e  the  g and h y p e r f in e  t e n s o r  e le m e n ts .  The g 
v a lu e  o f a - m e th y ln i t r o n y ln i t ro x id e  in  e th a n o l  (see  F ig u re  3 .1  f o r  the  
E .S .R . spectrum ) was measured to  be 2 .0064 ±  .0007. The g v a lu e  i s
R. B r ie r ,  H. Lemaire, and A. R a s s a t .  B u l l .  Soc. chim. 
F ra n c e . 3273 (1965).
4bT. Kawamura, S. Matsunami and T. Yonezawa, B u l l .  Soc. 
Chem. J a p a n . 4 0 , 1111 (1967).
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s l i g h t l y  h ig h e r  th an  pure hydrocarbon r a d i c a l s  in  which g i s  g e n e r a l ly  
l e s s  th a n  o r  eq u a l  to  2 .004 . The h ig h e r  g v a lu e  i s  no t unexpected 
s in c e  n i t ro g e n  and oxygen have g r e a te r  a b i l i t y  th a n  carbon to  induce 
s p in  o r b i t  co u p lin g  between th e  ground s t a t e  and low ly in g  e x c i te d  
s t a t e s .  C o n s id e rin g  the  m odera te ly  low symmetry o f th e  ground s t a t e ,  
one would a l s o  ex p ec t the  g te n s o r  to  be a n i s o t r o p i c .  Knowledge o f  
th e  degree  o f a n is o t ro p y  i s  e s p e c i a l l y  u s e fu l  fo r  comparison of 
t h e o r e t i c a l  models w i th  exper im en t.
Q u a l i t a t i v e  prooof o f  the  t o t a l  a n is o t ro p y  o f  the  m olecule 
i s  p rov ided  by the  broadening  o f the s p e c t r a l  l i n e s  a t  th e  h ig h  f i e l d  
s id e  o f  th e  R.T. E .S .R . spectrum  in  e th a n o l  (F igu re  3 .1 ) .  The e f f e c t s
a r e  c o n s i s t e n t  w i th  a r e l a x a t i o n  model developed by C a rr in g to n  and
6 * L ongue t-H igg ins  in  which th e  o f f -d ia g o n a l  e lem ents  of th e  g and T^
t e n s o r s  f o r  a molecule in  a s t a t i c  m agnetic  f i e l d  a re  t r e a t e d  as
p e r t u r b a t i o n s  a c t in g  on th e  average t r a c e  v a lu e ,  g . (See H am ilton ians
f o r  D oublet M olecu les ,  C hapter  I ) .
S e m iq u a n t i ta t iv e  ev idence fo r  th e  a n iso t ro p y  o f th e  g 
t e n s o r  was o b ta in e d  by exam ination  of a sm all s in g le  c r y s t a l  o f  
a - m e th y ln i t r o n y ln i t r o x id e .  A sm all s in g le  c r y s t a l  was p laced  i n  a 
q u a r tz  E .S .R . tube and o r ie n te d  a r b i t r a r i l y  w ith  r e s p e c t  to  the  
s t a t i c  m agnetic  f i e l d .  The c r y s t a l  was r o ta t e d  in  a p lan e  p a r a l l e l
^Note added in  P ro o f :  The s p in  o r b i t  coup ling  c o n s ta n ts
f o r  th e  2p A .O . 's  o f  C, N, 0 a r e  28, 78, 151 cm"l, r e s p e c t i v e l y . ^
5aA C a rr in g to n  and A. MaCLachlan. op . c i t . . p . 138.
g
A. C a r r in g to n  and H.C. Longue t-H igg ins, Mol. P hys . . 5,
447 (1962).  ~
to  the  m agnetic  f i e l d  u s ing  th e  JEOLCO JES-UCR-2X Sample Angular 
R o ta t in g  D evice . Resonance s p e c t ra  were reco rded  f o r  30° r o t a t i o n s  
in  th e  a r b i t r a r y  c r y s t a l  p lane  (see  F ig u re  3 .3  and Table 3 .2 ) .  The 
p o s i t i o n  a t  which th e  d e r iv a t iv e  s ig n a l  c ro ssed  the  x - a x i s  was tak en  
as  the  " p o s i t i o n "  o f  th e  reso n an ce ;  th e  resonance s ig n a l  could r e a l l y  
be made up o f more th a n  one o r i e n t a t i o n  of m olecules g iv in g  an 
" e f f e c t i v e  s ig n a l " .  The s ig n a l s  were sym m etrica l,  b u t they  v a r ie d  in  
i n t e n s i t y ,  and AĤ  changed w ith  o r i e n t a t i o n  o f  the c r y s t a l s .  I f  the  
s ig n a l s  a r e  assumed to  be L o re n tz ia n  in  shape, AĤ  v a r i e s  from 9 .4  
to  11.2 gauss ( se e  Table  3 .2 ) .  The measured g va lue  v a r i e s  from 
2.0051 t o  2 .0 0 9 1 --a  d i f f e r e n c e  o f abou t 2 p a r t s  p e r  thousand . I t  
i s  d i f f i c u l t  to  say i f  the  whole range o f  g v a lu e s  has been obse rv ed , 
s in c e  th e  E .S .R . spectrum  was measured: in  o n ly  one a r b i t r a r y  p lane  
o f  th e  c r y s t a l .  T h is  q u e s t io n  may be answered to  some e x te n t  by 
o b s e rv a t io n  o t  th e  p o l y c r y s t a l l i n e  (powder) E .S .R . spectrum .
The E .S .R . spectrum  o t  a f i n e l y  ground sample of a-MNN 
was m easured. I t  i s  shown as  th e  d o t te d  l i n e  superimposed on 
F ig u re  3 .3 ;  th e  powder sample has AĤ  = 15.1 g au ss .  Since th e  
powder spec trum  j u s t  encompasses the  superimposed s in g le  c r y s t a l  
s p e c t r a ,  the  maximum and minimum g t e n s o r  v a lu e s  a re  in d ic a te d  to  
be v e ry  n e a r  (p ro b a b ly  w i th in  . 001) th e  maximum and minimum v a lu e s  
measured f o r  th e  s in g l e  c r y s t a l .  I t  i s  a l s o  notew orthy t h a t  th e  peaks 
due to  th e  p r i n c i p a l  g t e n s o r  e lem ents  were no te  observed i n  the  
p o l y c r y s t a l l i n e  sample. From c o n s id e ra t io n s  o r  the  la rg e  measured 
l i n e  w id th  in  th e  s in g le  c r y s t a l  and th e  degree o f a n iso t ro p y  in
TABLE 3 . 2
‘ FUNCTIONAL DEPENDENCE OF THE E .S .R . FIELD WITH RESPECT




HQ(g a u ss ) AH^(gauss)
0 0 .0 10.5
30 1 .9 11.2
60 0 .0
90 - 3 .7 10.3
120 - 5 .5 9 .4




270 - 3 .7
300 - 5 .5
330 - 3 .7
if
The a x is  of r o t a t i o n  i s  p e rp e n d ic u la r to  It.
R e l a t i v e t o :.0 ..s O'..; r:.
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FIGURE 3 .3 .  E .S .R . s p e c t ra  of a-MNN s in g le  c r y s t a l  and powder sample.
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th e  g t e n s o r ,  i t  i s  concluded t h a t  th e  s ig n a l s  o v e r lap  s u f f i c i e n t l y  
to  obscure  th e  s t r u c t u r e .  The l i n e  w id th  in  th e  s in g le  c r y s t a l  i s  
so la rg e  t h a t ,  in  th e  w r i t e r ' s  o p in io n ,  s p l i t t i n g  in  the  p o l y c r y s t a l l i n e  
E .S .R . spectrum  would not be o bserved—even w ith  K band (~25 K Mc/s)
E. S . R.
A nother d iv idend, o b ta in e d  from th e  measurement o f  th e  s in g le  
c r y s t a l  spectrum  i s  t h a t  the  exchange energy , J . ^ ,  may be e s t im a te d ;  
th e  v a lu e  may be u s e fu l  i n  d e a l in g  w ith  d o u b le t  dimers and ground 
s t a t e  t r i p l e t s .  A r ig o ro u s  t r e a tm e n t  would show t h a t  th e  exchange 
en erg y  i s  a f u n c t io n  o f  th e  l in e w id th ,  th e  unpa ired  e l e c t r o n  d e n s i ty
g
i n  th e  c r y s t a l ,  and th e  geometry o f th e  c r y s t a l .  An approximate 
approach  w i l l  be used because th e  geometry i s  unknown, and th e  amount 
o f  e f f o r t  r e q u i re d  f o r  a more r ig o r o u s  t re a tm e n t  may not y ie ld  more 
m eaningfu l r e s u l t s .  The app rox im ations  w i l l  invo lve  the  use o f 
e q u a t io n s  f o r  a sim ple cub ic  s t r u c t u r e  ( r a t h e r  th a n  th e  t r u e  geometry) 
and the  use o f  the  exchange energy  and AH., o f  D .P .P .H . as  r e fe r e n c e  
v a lu e s .
I t  has been shown^that fo r  a sim ple cub ice  l a t t i c e  the  
fo l lo w in g  e q u a t io n s  a r e  a p p l ic a b le  f o r  extreme exchange narrow ing
^ Hdd>2/He 
He = ( 1 . 7 J . j /g P ) [S (S + l ) ]%
Hd(J = 2 .3 (g 0 p ) [S (S + l) ]% . . . . 5 0
^C.P. P o o le ,  J r . ,  " E le c t ro n  Spin Resonance", John W iley and 
Sons, New York, N .Y ., 1967; C hapter 20.
7
P.W. Anderson;and P .R . W eiss , Rev. Mod. P h y s . . 25, 269 
(1 9 5 3 ) .  —
66
p i s  th e  unpa ired  e l e c t r o n  d e n s i ty  i n  th e  c r y s t a l .  A lthough th e se
e q u a t io n s  a re  no t e x a c t ,  t h e i r  q u a l i t a t i v e  f e a tu r e s  should  be c o r r e c t .
8 10 C a r r in g to n  and McLachlan e s t im a te  J . . to  be 2x10 c y c le s /se c o n d  f o r
J
9
s in g le  c r y s t a l l i n e  DPPH f o r  which AĤ  i s  tak en  to  be 2 g au ss .
AĤ  i s  o f  the  o rd e r  o f  10 gauss f o r  s in g le  c r y s t a l  o?-MNN. The
unpa ired  e l e c t r o n  s p in  d e n s i ty  in  a-MNN i s  e s t im a te d  to  be about
2 .5  tim es as la rg e  a s  in  DPPH. Using th e  above a p p ro x im a tio n s ,
J  = JTvrvnTT—or s u r e ly  o f th e  same o rd e r  o f  m agnitude. In  terms
Ctf-MNN DPPH
of energy , 17 cm"'*’ i s  no t a g r e a t  d e a l  o f e n e rg y ;  th u s ,  th e  exchange 
i n t e r a c t i o n  between m olecu les  i n  th e  c r y s t a l  i s  no t a p p r e c ia b le .
F u r th e r  in fo rm a t io n  which i s  u s e fu l  in  c h a r a c t e r i z in g  th e
A
e l e c t r o n i c  ground s t a t e  i s  an e s t im a te  o f  th e  a n i s o t r o p y  in  th e  
m olecu le . The in fo rm a tio n  may be in f e r r e d  from th e  E .S .R . spectrum  
o f  r i g i d  g la s s y  s o lu t i o n s .  The E .S .R . spectrum  o f  a -m e th y ln i t r o n y l -  
n i t r o x id e  was measured i n  r i g i d  g la s s y  s o lu t io n s  o f  E .P .A . and P.M.P. 
a t  77°K. The d o u b le t  spectrum  i s  e s s e n t i a l l y  th e  same i n  b o th  g l a s s e s .  
The spectrum  i n  the  P.M.P. g la s s  i s  shown i n  F ig u re  3 .4 .  T h is  spectrum  
i s  a s u p e rp o s i t io n  o f  th e  s p e c t r a  o f  th e  m olecu les  i n  th e  v a r io u s  
o r i e n t a t i o n s  r e l a t i v e  to  the  s t a t i c  m agnetic  f i e l d .  The f i r s t  
maximum a t  the  low f i e l d  s id e  o f th e  spectrum  to  the  l a s t  maximum 
going  to  h ig h e r  f i e l d  a r e  s e p a ra te d  by 74 g au ss .  S e v e n ty -fo u r  gauss 
i s  c o n s id e ra b ly  l a r g e r  th a n  th e  30 gauss s p e c t r a l  w id th  observed in
g
A. C a r r in g to n  and McLachlan, op. c i t . . p . 200.
9




FIGURE 3 .k .  H '*
E .S .R . spectrum  (d o u b le t  reg ion) o f  ar-MNN in  P .M .P. a t  7T°K.
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l i q u i d  s o lu t i o n .  Since th e  g ten so c  a n iso t ro p y  should  n o t be more
th a n  12 gauss (E .S .R . o f  th e  s in g le  c r y s t a l ) ,  th e re  i s  e v i d e n t l y  a
g r e a t  d e a l  o f  a n i s o t r o p y  a s s o c ia te d  w ith  th e  h y p e rfm e  s p l i t t i n g .
T h is  l a r g e  a n i s o t ro p y  i s  no t t o t a l l y  unexpected because th e  s im p le r
10n i t r o x i d e s  d i s p la y  a l a r g e  h y p e r f in e  a n iso t ro p y .  The most l i k e l y  
so u rce  o f  th e  a n i s o t ro p y  i s  th e  n i t ro g e n  atoms; t h i s  q u e s t io n  can be 
s a t i s f a c t o r i l y  confirm ed from a n a ly se s  o f  the  E .S .R . spec trum  of 
a - p h e n y ln i t r o n y ln i t r o x id e  and c * - ( o - to ly l ) n i t r o n y ln i t r o x id e  which 
have no a -m eth y l hydrogens. As such , an i n t e r p r e t a t i o n  o f t h e  r i g i d  
g l a s s  spec trum  s h a l l  be d e fe r r e d  u n t i l  those  do u b le t  m o lecu les  have 
been  examined.
The E .P .R . spectrum  measured in  r i g i d  g la s s y  E .P .A . a t  77°K 
(F ig u re  3 .5 )  showed a resonance  a t  1523 gauss when the  microwave 
fre q u e n c y  was 9169 M c/s . The resonance  i s  in  the  h a l f - f i e l d  r e g io n
and i s  p ro b a b ly  Hm̂ n f o r  a m agnetic  t r i p l e t .  Using e q u a t io n  26,
3 -1and g = 2 .006 , D* i s  c a l c u l a t e d  to  be 1.02x10 gauss ( .0 9 5 5  cm ) .
A lthough  th e  co rrespond ing . A*n = 1 t r i p l e t  resonances  were n o ts
o b se rv e d ,  i t  i s  e v id e n t  t h a t  th e r e  i s  m agnetic dimer fo rm a t io n .
A h a l f - f i e l d  t r i p l e t  re so n an ce  was no t observed f o r  a-MNN i n  the  
P.M .P. g l a s s .  These phenomena w i l l  r e c e iv e  f u r t h e r  a t t e n t i o n  in  
C h ap te r  IV.
A nother unusua l p ro p e r ty  o f  the  ground s t a t e  n i t r o n y l -  
n i t r o x i d e  r a d i c a l s  i s  t h e i r  tendency  to  i n t e r a c t  s t r o n g ly  w i th  s o lv e n t
10O.H. G r i f f i t h ,  D.W. C o rn e l l  and H. McConnell. J .  Chem. P h y s . . 





FIGUKE 3 .5 .  H a l f - f i e l d  resonance o f Qf-MNN in  e th a n o l  a t  77°K.
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m o lecu le s .  For v e ry  s t ro n g  i n t e r a c t i o n s ,  i t  i s  p o s s i b l e  t h a t  so lv e n t  
p e r tu r b a t io n s  may a l t e r  the e l e c t r o n i c  s t r u c t u r e  s u f f i c i e n t l y  to  
change th e  u n p a ired  e l e c t r o n  sp in  d e n s i ty  a t  t h e  n u c l e i .  The r e s u l t i n g  
changes i n  th e  E .S .R . spectrum  are  th en  a measure o f  th e  e x t e n t  and 
n a tu re  o f  the  s o lv e n t  i n t e r a c t i o n .  As po in ted  ou t e a r l i e r ,  th e re  i s  
no n o t ic e a b le  d i f f e r e n c e  in  the  77°K doub le t sp ec tru m  o f  a-MNN in  
P.M.P. and e th a n o l ;  b u t  th o se  s p e c t r a  a re  so broad and s t r u c t u r e l e s s ,  
t h a t  sm all changes would be very  d i f f i c u l t  to  d e t e c t .  The R.T. 
d e r iv a t iv e  s p e c t r a  o f : cHMNN measured in  d i l u t e  s o lu t i o n s  o f  benzene 
and e th a n o l  (F ig u re  3 .1 a  and 3.1b) a re  much b e t t e r  r e s o l v e d .  The 
reso n an ces  a s s o c ia t e d  w ith  the  major h y p e r f in e  s p l i t t i n g s  a r e  not 
so re so lv e d  i n  benzene as th ey  a re  i n  e th a n o l .  Y et, th e  minor s p l i t t i n g s  
a r e  b e t t e r  r e so lv e d  i n  benzene th a n  in  e th a n o l .  T h is  o b s e rv a t io n  
su g g e s ts  d i f f e r e n c e s  i n  the  major h y p e rf in e  s p l i t t i n g s  o f  a-MNN i n  
s o lu t io n s  o f  th e  d i f f e r e n t  s o lv e n ts .  P re l im in a ry  com parison  of th e  
h y p e r f in e  s p l i t t i n g s  o f  a-MNN in  benzene and e th a n o l  i n d ic a te d  the  
changes were q u i t e  s m a l l .  The s p l i t t i n g  changes were so sm all t h a t  
v e ry  c a u t io u s  ex p er im en ts  were n ecessa ry  to  show t h a t  th e  s p l i t t i n g  
changes w ere , in d e e d ,  r e a l .
In  o rd e r  to  measure the h y p e rf in e  s p l i t t i n g s  to  a  h igh  
degree o f  accu racy  and p r e c i s io n ,  th e  fo l lo w in g  p ro c e d u re s  were 
fo llow ed :
(1) The s o lu t io n s  were d i lu te d  u n t i l  th e  sm all  h y p e r f in e  
s p l i t t i n g s  ( 0 .2  gau ss)  were re so lv ed  in  b o th  th e  benzene and e th a n o l
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s o lu t io n s .  At th e se  c o n c e n tra t io n s ,  th e  param agnetic  m o lecu les  a re  
e s s e n t i a l l y  n o n - In te r a c t in g .
(2) The m iddle and lo w -f ie ld  E .S .R . s p l i t t i n g s  w ere 
chosen f o r  r e l a t i v e  m easurem ents, s in c e  th e se  reg io n s  o f  th e  spectrum  
show th e  l e a s t  a n is o t r o p ic  b ro ad en in g .
(3 ) D e f in i te  peaks w ere chosen fo r  m easurem ent. These 
peaks w ere la b e le d  1 ,  2 , 3 and 4 on th e  s p e c tra  measured in  th e  
r e s p e c t iv e  s o lv e n ts .  The d is ta n c e s  d ^ >  an^ w ere
m easured f o r  each  scan .
(4) The s p e c tr a  w ere measured in  sequence making fo u r  
scan s  f o r  each  s o lu t io n .  In  o rd e r  to  keep h y s te r e s i s  e f f e c t s  to  
a minimum, th e  m agnetic  f i e l d  s e t t i n g  was no t changed. The scan  
w id th  was re p ro d u c a b le .
(5) The d is ta n c e s ,  d ^  and correspond to  th e  p ro to n  
s p l i t t i n g s  w h ile  d^^ an<3 d24 co£r e s Pon<* to  th e  n i tro g e n  s p l i t t i n g s ;  
th e  v e ry  sm all .2  g s p l i t t i n g s  were no t co n s id e red . The d is ta n c e s  
w i l l  no t be th e  same even though  th ey  may be a s s o c ia te d  w ith  th e  
same s p l i t t i n g s ;  t h i s  i s  due to  sec o n d -o rd e r e f f e c t s  w hich a re  
g e n e r a l ly  neglected.'*''*’ Thus, th e  m easurem ents w i l l  n o t be t ru e  
s p l i t t i n g  c o n s ta n ts  b u t good r e l a t i v e  m easurem ents. As su ch , th e  
av e rag e  f o r  th e  re s p e c t iv e  s p l i t t i n g s  was tak en  as  th e  " e f f e c t iv e  
s p l i t t i n g  c o n s ta n t" .
( 6) The m easure o f  each  d is ta n c e  d . . was ta k e n  a s  th e
1J S6i  %av erag e  o f  s e v e ra l  s c a n s , and th e  random e r r o r  was , in
11A. C a rr in g to n  and A. M cLachlan, op. c i t . . p . 18.
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w hich 6 i s  th e  d e v ia t io n  from  th e  average fo r  a p a r t i c u la r  m easurem ent.
N i s  th e  number o f m easurem ents. The measurem ents were tak en  in  
a r b i t r a r y  u n i t s  and co n v erted  to  gauss a f t e r  th e  av e rag in g  p ro c e s s .
The d a ta  i s  shown in  T able  3 .3 .  The c a lc u la te d  " e f f e c t iv e  
s p l i t t i n g  c o n s ta n ts "  a re  la j j le f f  = 3 .17 ± .01  gauss and lajj^ e ff  = ^*66 
± .0 1  gauss in  e th a n o l and = 3 .27  ± .01 and |a ^ |  7 .4 4  ± .02
in  benzene . As an in t e r n a l  check o f  th e  v a l i d i t y  o f th e  m easurem ents, 
th e  p o s i t io n s  and r e l a t i v e  i n t e n s i t i e s  o f  th e  lo w -f ie ld  h a l f  o f th e
E .S .R . spectrum  were c a lc u la te d  u s in g  th e  " e f f e c t iv e  s p l i t t i n g  
c o n s ta n ts " .  These r e s u l t s  and th e  " c a lc u la te d "  d is ta n c e  between 
th e  s p e c t r a l  l i n e s  a re  shown in  T able 3 .4 .  From th e  E .S .R . s p e c tra  
3 .1  and 3 .1 a , th e  l in e w id th s  a s s o c ia te d  w ith  th e  m ajor bands of 
a-MNN in  e th a n o l  and in  benzene a re  m easured to  be .92 and .98 g au ss, 
r e s p e c t iv e ly —assum ing g a u s s ia n  band sh ap es . The " c a lc u la te d "  
d is ta n c e  betw een a l l  o f  th e  l in e s  in  e th a n o l i s  g r e a te r  th an  .9 2 ; 
th u s ,  t h e i r  bands should  be (and a re )  re so lv e d  in  th e  E .S .R . spectrum .
On th e  o th e r  hand s e v e ra l  " c a lc u la te d "  l in e s  in  benzene a re  se p a ra ted  
by le s s  th a n  .9 8 ; a d d i t io n a l ly  th e  i n t e n s i t y  r a t i o s  o f  each p a i r  i s  
a t  l e a s t  2 to  1 . Thus, th e  w eaker l in e s  should  ap p ear as  weak 
sh o u ld e rs  in  th e  E .S .R . a b s o rp tio n  spectrum . C a re fu l in s p e c tio n  of 
th e  E .S .R . spec trum  in  benzene confirm s th e se  " c a lc u la te d  p r e d ic t io n s " .
The w eaker o f  two bands se p a ra te d  by le s s  th an  .98  gauss a re  "w ashed-ou t",
o r  th e y  ap p ear to  be s e v e ra l  m inor s p l i t t i n g s  r a th e r  th an  a "band1.1
The in t e r n a l  c o n s is te n c y  o f th e  " c a lc u la te d "  and measured E .S .R . s p e c tra
TABLE 3 .3
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MEASUREMENTS AND THE EFFECTIVE VALUE OF THE HYPERFINE
SPLITTING CONSTANTS OF a-MNN IN ETHANOL AND BENZENE
Spectrum
d I 2
E th an o l
d34 d13 d24
1 42 .6 42 .1 102.7 102.0
2 42 .5 41 .8 102.5  101.8
3 42.7 4 1 .9 102.5  101.8
4 42 .8 4 1 .8 102.4  1 0 1 .2(?)
Average -* 4 2 .6 ± .l 41 . 9±. 1 1 0 2 .5 ± .l 1 0 1 .9 ± .l
42 • X 102 . 2 ± .1
IslH^ef£ = 3 .I7 ± .0 1 M e f f  "  7 - 66± -03-
Benzene
Spectrum d l 2 d34 d13 d24
1 43 .8 43 .3 99 .3 99*0
2 43 .6 4 3 .9 99 .3 99 .5
3 44 .0 4 3 .2 99 .9 9 9 .0
4 44 .8 4 3 .3 99 .5 99 .1
Average -♦ 43 .8± . 1 4 3 .3 ± .l 99 .5± . 2 9 9 .1±. 2
43. 6±. 1
laH^ef£ = 3 *27±*01 âN'le££ = 7 *4^± *02
f
A rb i tr a ry  u n i t s .
g
C onversion f a c to r  o f  .0750 g a u s s /a r b i ta r y  u n i t .
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TABLE 3 .4
RECONSTRUCTED LINE SPECTRAL POSITIONS OF a>-MNN USING 
THE MEASURED EFFECTIVE HYPERFINE SPLITTINGS
E th an o l Benzene
L ine R e la tiv e  I n te n s i ty P o s i t io n  (g au ss) A P o s i t io n A _ _
1 1 -2 0 .1 5 3 .1 8 -1 9 .8 6 3 .28
2 3 -16 .97 3 .18 -1 6 .5 8 3.28
3 3 -1 3 .7 9 1 .3 3 -1 3 .3 0 1.09
4 2 -1 2 .4 6 1 .85 -1 2 .3 9 2.37
5 1 -1 0 .6 1 1 .43 - 10.02 .91
6 6 - 9 .28 3 .18 - 9 .11 3 .28
7 6 - 6 .10 1 .3 4 - 5 .83 .91
8 3 - 4 .77 1 .65 - 4 .9 2 2.37
9 2 - 3 .12 1 .53 - 2 .5 5 .91
10 9 - 1 .59 - 1 .6 4
S o lv en t AĤ  (g a u ss ia n )
E th an o l .9 2  gauss
Benzene 98
+
R e la t iv e  to  th e  c e n te r  o f  th e  E .S .R . spectrum .
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a s su re  th e  v a l i d i t y  o f th e  h y p e rfin e  s p l i t t i n g  changes w ith  s o lv e n t .
Comparison of th e  s p l i t t i n g s  in  e th a n o l and benzene shows 
th a t  in  th e  more p o la r  s o lv e n t ,  e th a n o l ,  th e re  i s  a m ig ra tio n  o f th e  
u n p a ired  s p in  d e n s ity  a t  th e  n u c le i  from th e  a-m ethy l hydrogens to  
th e  n i t ro g e n s .  An obvious r a t io n a l i z a t i o n  o f  t h i s  d a ta  i s  t h a t  hydrogen 
bonding to  th e  non-bonding e le c tro n s  o f th e  oxygens g iv e s  r i s e  t o  an 
in c re a s e  in  th e  s p in  d e n s i ty  in  th e  n itro g en -o x y g en  re g io n  o f  th e
m olecule a t  th e  expense o f s p in  d e n s ity  in  th e  a-m eth y l re g io n .
12S u p p o rtin g  t h i s  c o n te n tio n  i s  th e  f a c t  th a t  O sieck i and Ullman 
have o b serv ed  p ro to n a tio n  o f o r-p h e n y ln itro n y ln itro x id e  by 
t r i f l u o r o a c e t i c  a c id  in  benzene.
In  o rd e r  to  see  i f  so lv e n t s h i f t s  were due s o le ly  to  
hydrogen bond ing , a v e ry  p o la r  s o lv e n t ,a c e to n i t r i le ,w h ic h  would n o t 
form  hydrogen bonds was chosen . The d i e l e c t r i c  c o n s ta n ts  o f  
a c e t o n i t r i l e  i s  37 .5  compared to  24 .3  f o r  e th a n o l.  The r e s u l t s ,  
g iv en  in  T able 3 .5 ,  show t h a t  th e  v a lu e s  o f |a ^ | a re  a lm o st a s  la rg e  
in  a c e t o n i t r i l e  a s  th ey  a re  in  e th a n o l .  These r e s u l t s  im ply th a t  
th e  charge s h i f t  i s  in f lu e n c e d  n o t o n ly  by so lv e n ts  w ith  th e  a b i l i t y  
to  hydrogen bond, b u t a ls o  by n o n p ro tic  p o la r  s o lv e n ts .  T h is  l a t t e r  
o b s e rv a tio n  su g g e s ts  t h a t ,  in  g e n e ra l ,  p o la r  s o lv e n ts  tend  to  d e c re a se  
th e  e f f e c t iv e  charge on th e  m ethyl p ro to n s  and in c re a s e  th e  charge on 
th e  n i t r o g e n s .  S ince a c e t o n i t r i l e  i s  more p o la r  th a n  e th a n l ,  one
^ J .  O s ieck i and E .F . Ullman, Am. Chem. S o c .. 90, 1078
( 1 9 6 8 ) .
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TABLE 3 .5
MEASUREMENTS AND THE EFFECTIVE VALUE OF THE NITROGEN 
HYPERFINE SPLITTINGS OF tf-MNNJ IN ACETONITRILE
Spectrum dt 2 f3 4 _ d13 d24
1 4 2 .8 43 .0 101.5 101 .9
2 4 2 .8 24.8 101.5 101.7
3 4 2 .5 4 2 .2 (? ) 101.5 101 .2
. 4 4 3 .0 42.6 101.2 101.0(7)
5 4 2 .6 43.0 101.4 102 .0
Average -* 4 2 .7 ± .2 4 2 .7 ± .2 101. 4±. 1 1 0 1 .5±3
42.. 7±2 101. 5±2
JaH *eff = 3 ‘. 20± .02 âN ^eff 7 . 6 0 ± .02
A rb ita ry  u n i t s .  . . . ,
' $C onversion f a c to r  .0750 g a u s s /u n i t .
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would expec t  a c e t o n i t r i l e  to  show th e  la r g e s t  changes o f th e  |aN l ' s 
r e l a t i v e  to  benzene. T h i s . i s  no t th e  c a se , and th u s  th e re  i s  f u r th e r  
ev id en ce  th a t  th e  e th a n o l i s  hydrogen bonding to  th e  oxygen atom s—w hich 
a re  th e  most l i k e l y  p o s i t io n s  in  th e  m olecu le .
From a l l  in d ic a t io n s  th e se  s o lv e n t- s o lu te  in t e r a c t io n s  a re  
v e ry  s tro n g  and s p e c i f ic  in t e r a c t io n s - - s o  much so th a t  th e  in te r a c t io n s  
m ight be r e f e r r e d  to  a s  com plexation . These in t e r a c t io n s  a re  d isc u sse d  
f u r th e r  in  th e  d is c u s s io n  o f the e le c t r o n ic  a b s o rp tio n  s p e c t r a .
2 . E le c tr o n ic  S p e c tr a : The room tem p era tu re  U.V. a b s o rp tio n  spectrum
o f  a-MNN was m easured in  cyclohexane and e th a n o l .  The spec trum  in  
cyclohexane i s  shown in  F i g .3 .6 , and th e  e n e rg ie s  and e x t in c t io n  
c o e f f i c i e n t s  o f  th e  r e l a t i v e  band maxima are-show n in  T ab le  3 .6 .
Three d i s t i n c t  e le c t r o n ic  t r a n s i t i o n s  a re  observed  in  th e  a b s o rp tio n  
spectrum . These e le c t r o n ic  t r a n s i t i o n s  s h a l l  be r e f e r r e d  to  a s  
t r a n s i t i o n s  1, 2 and 3 in  o rd e r  o f in c re a s in g  en e rg y , and t h e i r  
a b s o rp tio n  bands s h a l l  be r e f e r r e d  to  as  bands 1 , 2 and 3 , r e s p e c t iv e ly .
Band I  has two v ib r a t io n a l  maxima se p a ra te d  by 1000 cm 
There appear to  be two—a t  l e a s t  one— sh o u ld e rs  on the  h ig h  energy  
s id e  o f  band I ;  no such sh o u ld e rs  a re  in d ic a te d  on th e  low en erg y  
s id e  o f  th e  band . The low est energy  v ib r a t io n a l  maximum in  band I 
i s  observed  a t  17,560 cm and th e  band i s  r e l a t i v e l y  in te n s e .  This 
o b s e rv a tio n  and the  absence o f a low energy  t a i l ,  in d ic a t iv e  o f  a 
fo rb id d en  o r ig in ,  su g g ests  th a t  the  p o te n t ia l  f u n c t io n s  o f  th e  
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FIGURE 3 .6 .  E le c tro n ic  a b so rp tio n  s p e c t r a  ' f  a-MNN in  cyclohexane and e th an o l a t  R .T ..
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TABLE 3 .6
ABSORPTION ENERGIES AND EXTINCTION COEFFICIENTS OF a-MNN 
IN CYCLOHEXANE AND ETHANOL
Cyclohexane S o lu tio n
o — ^ 3
A cm e ( l./m .c m .)x lO
5693 17,560 1 .74
5381 18,580 1.67
3204 31,210 22.1:.
3090 32,360 15 .6
-2100 —47,500 - 4








As such , th e  maximum a t  17,560 cm"* i s  th e  z e ro -z e ro  (0 -0 ) band.
Ground and e x c ite d  e le c t r o n ic  s ta t e s  w hich have v e ry  s im i la r
p o te n t i a l  energy  f u n c t io n s ,  have co rre sp o n d in g ly  s im i la r  v ib r a t io n a l
w av e fu n c tio n s . Thus, on ly  those  t r a n s i t i o n s  betw een v ib r a t io n a l
le v e ls  w hich tra n sfo rm  as  th e  same symmetry s p e c ie s  a re  a llo w ed ,
13and th e  s e le c t io n  r u le s  become Av = 0 , ±2, ±4, e t c .  . The 0-0  
t r a n s i t io n ,  i s  th e  t r a n s i t i o n  of dom inant i n t e n s i t y .  The t r a n s i t i o n s  
Av = ±1, ±3, ±5, e t c .  a re  a llow ed , however, i f  th e  ground and 
e x c ite d  s t a t e  v ib r a t io n a l  modes tra n s fo rm  a s  a^ fo r  th e  symmetry 
sp e c ie s  C2V»
Since th e  in t e n s i t y  o f th e  second v i b r a t i o n a l  maximum i s  
n o t much le s s  in te n s e  th an  the  0-0  band, i t  i s  concluded th a t  th e  
v ib r a t io n a l  s t r u c tu r e  i s  p a r t  o f  a p ro g re s s io n  (Av = 0 , 1, 2, 3, 4) 
w ith  an a p p a re n t e x c ite d  s ta t e  v ib r a t io n a l  freq u en cy  o f  1000 cm *.
I t  i s  f u r th e r  concluded th a t  th e  v ib r a t io n a l  s t r u c tu r e  o f  th e  1 s t 
e le c t r o n ic  t r a n s i t i o n  a r i s e s  from t r a n s i t i o n s  from  th e  z e ro -p o in t  
le v e l  o f  the  ground s t a t e  to  an e x c i te d  s t a t e  v i b r a t i o n a l  mode o f  a^ 
symmetry and to  o v e rto n es  o f  th a t  mode.
Band I I  i s  v e ry  s im ila r  in  i t s  shape and c h a r a c t e r i s t i c s  
to  band I .  The same type o f argum ents can be a p p lie d  to  band I I  
as  were a p p lie d  to  band I .  The e x c ite d  s t a t e  v ib r a t i o n a l  frequency  
o f  a^sy m m etry  i s  measured to  be 1150 cm * from  th e  spectrum .
13G. H erzberg , " E le c tro n ic  S p e c tra  o f P o lya tom ic  M o lecu les" ,
D. Van N ostrand  C o., I n c . ,  P r in c e to n , N .J . ,  1966, p . 149.
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Band I I I  i s  n o t t o t a l l y  re s o lv e d , b u t in  v e ry  pure n -hexane ,
i t  ap p ears  t h a t  i t  i s  t r u l y  a s t r u c tu r e l e s s  band . The e x c i t a t io n
4 - 1  3energy  i s  abou t 4.7x10 cm and emax i s  ap p ro x im a te ly  4x10 .
The e le c t r o n ic  a b so rp tio n  spectrum  o f  a-MNN m easured in  
e th a n o l i s  shown in  F ig u re  3 .6 . The e n e rg ie s  and e x t in c t io n  
c o e f f i c i e n t s  a r e  shown in  Table 3 .6 .  Bands I  and I I  no lo n g e r show 
two v ib r a t i o n a l  bands, b u t show a maximum hav in g  a h ig h e r  energy  
s h o u ld e r . Comparison o f  th e  e n e rg ie s  o f th e  f i r s t  maxima, o f  bands 1 
and 2 in  e th a n o l to  th e  e n e rg ie s  o f  th e  z e ro -z e ro  bands in  cyclohexane , 
shows th a t  th e  t r a n s i t i o n  e n e rg ie s  a re  b lu e  s h i f t e d  770 cm ^ and 
700 cm \  r e s p e c t iv e ly ,  in  e th a n o l. Com parison o f th e  h a l f  i n t e n s i t y  
band w id th s  o f  bands 1 and 2 in  e th a n o l to  th o se  in  cyclohexane shows 
them to  be s l i g h t l y  narrow er in  e th a n o l ;  y e t  th e  v ib r a t i o n a l  s t r u c tu r e  
i s  l o s t  in  th e  a lc o h o l ic  s o lv e n t .  T h is  lo s s  o f  v ib r a t i o n a l  s t r u c tu r e  
and th e  change in  t o t a l  band con tou r o r w id th  im p lie s  t h a t  th e  s o lv e n t  
p e r tu rb s  th e  v ib r a t io n a l  le v e ls .  Such an i n t e r p r e t a t i o n  would be 
c o n s is te n t  w ith  hydrogen bonding w hich p e r s i s t s  in  the ground and 
e x c ite d  s t a t e s .  The proposed hydrogen bonding would in c re a s e  th e  
reduced  mass o f  th e  v ib ra t in g  m olecule c a u s in g  a d ec rease  in  th e  
e x c ite d  s t a t e  v ib r a t io n a l  normal mode fre q u e n c y , vQ» The hydrogen 
bonding e f f e c t  i s  s t a t i s t i c a l  in  n a tu re  and when th e  d i s t r i b u t i o n  
over a l l  m olecu les i s  tak en  in to  c o n s id e ra t io n ,  th e  e f f e c t  i s  to  
b roaden  each  v ib r a t io n a l  band to  th e  e x te n t  th a t  v ib r a t io n a l  s t r u c tu r e  
i s  l o s t .  These c o n s id e ra t io n s , in  tu r n ,  would su g g es t th a t  th e
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N-0 v ib r a t io n s  a re  q u ite  im p o rtan t to  th e  observed v ib r a t io n a l  
mode because  th e  oxygen atom i s  th e  on ly  lo g ic a l  p o in t  fo r  H-bonding. 
S ince  i t  was p re v io u s ly  concluded th a t  th e  p e r t in e n t  v ib ra t io n  i s  
o f  symmetry, t h i s  must in v o lv e  th e  sym m etrical s t r e t c h  of each 
N-0 groups a s  w e ll  as  o th e r  bond le n g th  changes.
The d i f f e r e n c e s  in  th e  a b s o rp tio n  s p e c tra  o f a-MNN in
cyclohexane and e th a n o l su g g est th a t  an e x te n s iv e  s o lv e n t study
(C h ap te r I ,  S ec t.C ) i s  w o rth w h ile . Such a s tu d y  would t e l l  more
ab o u t th e  charge d i s t r i b u t i o n  o f the  e x c i te d  s ta t e s  r e l a t iv e  to  the
ground s t a t e .  The E .S .R . s o lv e n t e f f e c t s  have a lre a d y  shown th a t
p o la r  s o lv e n ts  cause a s h i f t  in  th e  u n p a ire d  sp in  d e n s ity  from th e
ce-methyl p ro to n s  to  th e  n itro g e n s  in  a-MNN« The E»S.R. so lv e n t
e f f e c t s  do n o t ,  however, p ro v id e  in fo rm a tio n  n e c e ssa ry  to  a
d is c u s s io n  of th e  p o l a r i t y  o r  la c k  o f p o l a r i t y  o f th e  ground s t a t e .
Nine s o lv e n ts  were chosen fo r  th e  s tu d y . The s o lv e n ts  chosen were
14th o se  used by I t o ,  e t  a l .  , in  t h e i r  s tu d y  o f n -» Tt* t r a n s i t io n s  
in  k e to n e s .  The d e s ir a b le  f e a tu re  o f  th e s e  s o lv e n ts  i s  th a t  th ey  
may be c o n v e n ie n tly  d iv id ed  in to  th re e  c l a s s e s ;  n o n p o la r, p o la r  
n o n p ro tic ,  and p o la r  p r o t i c .  The d i s t i n c t i o n  o f th e  l a t t e r  two 
c la s s e s  p ro v id e s  a means by which to  i s o l a t e  d ip o la r  e f f e c t s  from 
combined hydrogen bonding and d ip o la r  e f f e c t s .
*1 t
M. I t o ,  K. Inuzuka and S. Im a n ish i, Am. Chem. S o c .. 
82 , 1317 (1 9 6 0 ).
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The s o lv e n ts  were d r ie d  as  d e s c r ib e d  In  C hapter I I ,  S e c t.B
S in ce  a lo s s  o f s t r u c tu r e  i s  observed  I n  bands I  and I I  In  go ing  from
n o n -p o la r  to  p o la r  p r o t ic  s o lv e n ts ,  th e  f i r s t  band maxima were
chosen  to  lo c a te  th e  "band p o s i t io n "  in  th e  s o lv e n t  s tu d y . The
s o lv e n t ,  the s o lv e n t index  of r e f r a c t i o n ,  th e  s o lv e n t  d i e l e c t r i c
c o n s ta n t ,  and th e  measured e x c i ta t io n  e n e rg ie s  f o r  bands I  and I I
2 2a re  g iv e n  in  T ab le  3 .7 . Values o f  ( n ^ - l ) / ( 20^+ 1) fo r  nonpo lar
s o lv e n ts  ana v a lu e s  fo r  (D -1)/(D +1) f o r  p o la r  n o n p ro tic  s o lv e n ts  a re
l i s t e d  in  Table 3 .8 . The fu n c tio n a l  dependence o f  th e  e x c i t a t io n
en erg y  on (D -l)/(D + 2) fo r  bands I  and I I  i s  shown in  F ig u re  3 .7 .
2 2The fu n c tio n a l  dependence of th e  e x c i t a t i o n  en e rg y  on (n ^ - l) / (2 n jj+ l)
i s  shown fo r bands I  and I I  in  F ig u re  3 .9 .  B oth p lo t s  in  F ig u re  3.7
have a p o s i t iv e  s lope  and imply th a t  th e  ground s t a t e  i s  more p o la r
th a n  th e  f i r s t  and second e x c ite d  s t a t e s .  On th e  o th e r  hand, th e
p l o t s  o f F igu re  3 .8  g ive somewhat c o n tr a d ic a to ry  r e s u l t s .  W ith in
th e  l im i t s  o f random e r r o r ,  the f i r s t  e x c i te d  s t a t e  i s  confirm ed to
be l e s s  p o la r  th a n  th e  ground s t a t e - - s i n c e  th e  s lo p e  o f e x c i t a t io n  
2 2energy  v e rsu s  ( n j j - l ) / ( 2 n j j - l )  i s  p o s i t i v e .  F o r band 2, th e re  i s  no
2 2sim ple  fu n c tio n a l  dependence o f  th e  e x c i t a t i o n  energy  on ( n ^ - l ) / ( 20^ - 1) .  
The e x c i ta t io n  e n e rg ie s  o f  band I  in  p o la r  p r o t i c  s o lv e n ts  (T able 3 .7 ) 
a re  g r e a te r  th a n  in  th e  p o la r  n o n p ro tic  s o lv e n t s .  Such a r e s u l t  
i s  c o n s is te n t  w ith  hydrogen bonding in  th e  ground s t a t e .  The same 
tre n d  i s  fo llow ed excep t w ith  r e s p e c t  to  c h lo ro fo rm . In  ch lo ro fo rm  
th e  e x c i ta t io n  energy i s  lower th a n  i n  any o th e r  s o lv e n t used .
A nother c h lo r in e  c o n ta in in g  compound, carbon  t e t r a c h l o r i d e ,  g iv e s
8 4
TABLE 3 .7
ABSORPTION ENERGIES OF g-MNN IN SEVERAL SOLVENTS
-1  ”1S o lv en t D Band I  (cm ) Band I I  (cm )
n-hexane 1.375 1.89 17,610 31,300
carbon  t e t r a c h lo r id e 1.460 2.238 17,770 30,770
benzene 1.501 2 .284 17,770 31,190
e th y l  e th e r 1.356 4.335 17,770 31,320
m e th y la c e ta te 1.362 6 .68 17,890 .31 ,500
a c e t o n i t r i l e 1.344 37 .5 18,030 31,670
ch lo ro fo rm 1.449 4 .806 18,050 30,440
is o b u ty l  a lc o h o l 1.398 17.7 18,320 31,810
e th a n o l 1.361 24 .3 18,330 31.900
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TABLE 3 .8
EXCITATION ENERGIES AS FUNCTIONS OF THE ELECTROMAGNETIC 
PROPERTIES OF SOME SOLVENTS
N on-Polar S o lven ts
- i
S o lven t 
n-hexane









Band I I  (cm
3 1 ,340±40 
30,770±40 
31,190±40
P o la r  N on-P ro tic  S o lv en ts
S o lven t 
E th y l e th e r  
M eth y lac e ta te  
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FIGURE 3 .7 .  F u n c tio n a l dependence o f th e  e x c i t a t io n  e n e rg ie s  
o f Bands I  and I I  on r r r *
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FIGURE 3*8. F u n c tio n a l dependence o f Bands I  and
2 ,
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an e x c i t a t i o n  en erg y  lQwer th a n  o th e r  members o f i t s  group. Since
c h lo r in e  i s  an e x c e l le n t  r a d i c a l  scav en g er, and s in c e  s o lu t io n s  o f
a-MNN a re  l i g h t  s e n s i t i v e ,  th e  e f f e c t s  o f  ch lo ro fo rm  and carbon-
te t r a c h lo r id e  a re  d is re g a rd e d  in  th e  so lv e n t s tu d y . I t  i s  proposed
th a t  a lo o se  complex i s  formed betw een of-MNN and c h lo r in e  c o n ta in in g
compounds. T h is  "complex" h as  a low er e x c i t a t io n  energy  in  band I I .
A lthough  th e  p h o to ch em istry  o f  a-MNN would be an i n t e r e s t in g  study
and m ight e lu c id a te  th e  n a tu re  o f th e  "com plex", th e  to p ic  s h a l l  not
be p u rsued  in  t h i s  work.
I t  i s  concluded t h a t  th e  ground s t a t e  o f  a-MNN i s  more
p o la r  th a n  th e  e x c i te d  s t a t e  a s s o c ia te d  w ith  bands I  and I I .
T h e re fo re , th e  ground s t a t e  h a s  a perm anent d ip o le  moment, o r
s u re ly  lo c a l  d ip o le s .
E le c tr o n ic  t r a n s i t i o n s  w hich b lu e  s h i f t ,  in  going to  more
15p o la r  s o lv e n ts  a r e  o f te n  assumed to  be n -* tt* t r a n s i t i o n s .
C o n v erse ly , t r a n s i t i o n s  w nich  a re  r e d - s h i f te d  in  going to  more
16p o la r  s o lv e n ts  a re  s a id  to  be TC -* n*. Such g e n e ra l iz a t io n s  a re  
p ro b ab ly  t r u e  f o r  most m o le c u le s , e s p e c ia l ly  i f  la rg e  t t  d ip o la r  
changes a re  n o t p o s s ib le .  However, an  n -* n* t r a n s i t i o n  should a ls o  
have a low o s c i l l a t o r  s t r e n g th ;  n -* n* t r a n s i t i o n s  norm ally  p o ssess
156 . J .  B rea ley  and M. K asha, J .  Am. Chem. S o c ., 77 , 4462
(1 9 5 5 ).
^ D .  C h ig n e ll and W. G ra tz a r ,  Phvs. Chem.. 7*2, 2934
(1 9 6 8 ).
14e x t in c t io n  c o e f f ic ie n ts  o f  l e s s  th an  200* T h is  i s  s u re ly  n o t th e
case  fo r  a-MNN where the  observed  bands have e x t in c t io n  c o e f f i c i e n t s  
3
n ea r 2x10 . Y et, the  e l e c t r o n i c  t r a n s i t i o n s  in  a-MNN show c o n s id e ra b le
b lu e  s h i f t s  in  going to  more p o la r  s o lv e n ts .  These same e f f e c t s  have
been observed in  o th e r t t  ty p e  system s in  which t t  e le c tro n s  c o n tr ib u te
17to  th e  d ip o le  moments. In  th e  case  o f  p y r id in e  N -oxide a low 
i n t e n s i t y  t r a n s i t i o n  which a l s o  b lu e  s h i f t s  has been found in  a d d i t io n  
to  th e  in te n se  b lue s h if te d  t r a n s i t i o n s .  I to  and Hata have a t t r i b u t e d  
th e  b lu e  s h i f t  o f  the  h ig h  i n t e n s i t y  bands in  p o la r  s o lv e n ts  to  
p e r tu rb a t io n s  which s t a b i l i z e  th e  ground s t a t e .  They, th e r e fo r e ,  
c l a s s i f y  th e  weak t r a n s i t i o n  a s  n -* T I *  and the h ig h  in t e n s i t y  t r a n s i t i o n s  
a s  t t - *  t t * .  C onsidering  th e  s t r u c tu r e  o f th e  m o lecu le , th e  w r i te r  
f in d s  th e  assignm ents to  be q u i te  r e a s o n a b le .  I t  i s  im p o rtan t 
to  reco g n ize  th a t  e le c t r o n ic  t r a n s i t i o n s  r e p re s e n t  th e  energy 
d if f e re n c e  between s t a t e s —n o t j u s t  th e  d i f f e r e n c e  in  energy betw een 
two o r b i t a l s .  Thus, d ip o la r  fo rc e s  o r  hydrogen bonding p e r tu rb  
th e  s t a t e  o f th e  m olecu les; changes in  th e  m olecu lar o r b i t a l  scheme 
undoubtedly  accompany such p e r tu r b a t io n s .  The l a t t e r  a s  shown by 
th e  E .S .R . so lv en t e f f e c t s  on o-MNN. In  view  o f  th e  observed 
t r a n s i t i o n  in t e n s i t i e s  and th e  s im i la r  b e h a v io r  o f th e  e l e c t r o n ic
17aM. I to ,  and N. H a ta , B u l l .  Chem. Soc. Ja p a n . 28, 260 
(1 9 5 5 ). ~~
■̂7^ I .  Suzuki, M. N akadate and S. S ueyash i, T e t .  L e t t e r s . 
1855 (1968).
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a b s o rp tio n  spectrum  o f a-MNN to  th a t  o f  th e  co n ju g a ted  N-oxy compounds,
bands I  and I I  a re  a ss ig n ed  as being  t t  - »  t t  t r a n s i t i o n s . There i s  no
ev idence fo r  n -* t t *  t r a n s i t i o n s  a t  low er energy th a n  band I  o r  betw een
bands 1 and I I  in  th e  room tem p era tu re  a b so rp tio n  s p e c t r a .
The a b s o rp tio n  s p e c tra  o f a-MNN in  E .P .A . and P .M .P. w ere
measured a t  77°K. The purpose fo r  th e  measurem ents was tw o - fo ld .
One re a so n  fo r  m easuring the  77°K a b s o rp tio n  s p e c tra  was to  see  i f
th e  v ib r a t io n a l  bands could be b e t t e r  re so lv e d  a t  77°K and to  a s su re
th a t  no v ib r a t i o n a l  modes would be e x c ite d  in  th e  ground e l e c t r o n i c
s t a t e .  The o th e r  re a so n  was to  check fo r  dim er bands in  th e  E .P .A .
spectrum  a t  77°K. I t  should be .recalled t h a t  a dim er t r i p l e t  was
observed  in  th e  E .S .R . spectrum  of a-MNN in  e th a n o l a t  77°K—a lth o u g h
a t  a v e ry  low c o n c e n tra t io n . The R.T. and 77°K a b s o rp tio n  s p e c tra
in  E .P .A . a re  shown in  F ig u re  3 .9  and th e  r e l a t i v e  maxima and t h e i r
e n e rg ie s  a re  in d ic a te d  in  Table 3 .9 . The e x t in c t io n  c o e f f i c i e n t s
w ere no t m easured. Of co u rse , the  E .P .A . a t  77°K c o n t r a c ts  to  about
75% of i t s  room tem p era tu re  volume. The room te m p e ra tu re  a b s o rp tio n
spectrum  of a-MNN in  E.P.A . i s  very  s im i la r  in  co n to u r to  t h a t  o f
a-MNN a b o s lu te  e th a n o l .  The spectrum  i s  somewhat r e d - s h i f t e d ,
however. There a re  p robab ly  enough e th a n o l m o lecu les  to  hydrogen
bond to  of-MNN ( to  g iv e  th e  same band shape as  e th a n o l ) ,  b u t n o t
16benough to  s e t  up th e  secondary  r e a c t io n  f i e ld  a s  in  e th a n o l .
The l a t t e r  e f f e c t  le a d s  to  the  red s h i f t  r e l a t i v e  to  e th a n o l .
At 77°K th e  band I  and I I  a re  b e t t e r  r e s o lv e d . The f i r s t  
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FIGURE 3 .1 0 . E le c tro n ic  a b so rp tio n  s p e c tra  o f O'-MNN in  P.M .P. a t  R.T. and 77°K.
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TABLE 3 .9
ABSORPTION ENERGIES OF ty-MNN IN E .P .A . AND P.M .P. 
SOLUTIONS AT R.T. AND 77°K
E .P .A .
R.T. 77°K
X  cm ^ & cm *
5510 18,150 5476 18,260
5135 19,470
3154 31,710 3137. 31,880
3015 33,170
P.M .P.
5612 17,820 5145 19,440
4797 20,850
3190 31,350 3060 32,680
3080 32,470 2950 33,900
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th e  d i e l e c t r i c  c o n s ta n t d e c re a se s  w ith  te m p e ra tu re . The 0 -0  band 
a t  18,260 cm  ̂ i s  r e l a t i v e l y  more in te n s e  th an  th e  o th e r  members o f 
th e  p ro g re s s io n . The e x c ite d  s t a t e  v ib r a t io n a l  freq u en cy  i s  
~1200 cm
A new sh o u ld e r i s  found to  th e  low energy  s id e  o f band I I  
( a t  30,300 cm * ) . The sh o u ld e r  i s  e s tim a te d  to  have an a b so rp tio n  
c o e f f ic ie n t  o f  about 200. I t  i s  n o t know i f  th e  sh o u ld e r a r i s e s  
from  a dim er sp e c ie s  o r from  a n -» tt t r a n s i t i o n  th a t  was p re v io u s ly  
obscured by th e  R .T. band w id th . Band I I ,  i t s e l f ,  i s  b e t t e r  re so lv e d  
and looks much l ik e  th e  R .T. a b s o rp tio n  in  h y d ro carb o n s. The 
v ib r a t io n a l  frequency  i s  ab o u t 1 ,250 cm
The e le c t r o n ic  a b s o rp tio n  spectrum  o f  a-MNN in  P.M .P. a t  
R.T. and 77°K a re  shown in  F ig u re  3 .1 0 ; th e  e n e rg ie s  a re  shown in  
Table 3 .9 . At 77°K th e  spec trum  i s  trem endously  b lu e  s h i f t e d .  The 
z e ro -z e ro  t r a n s i t i o n s  o f bands I  and I I  a r e  Dlue s h i f te d  1600 cm  ̂
and 1300 cm \  r e s p e c t iv e ly .  Such an  extrem e b lu e  s h i f t  i s  
unexpected . One can a c tu a l ly  see  th e  c o lo r  o f th e  s o lu t io n  change 
from  a m ix ture  o f v i o l e t  and red  (R .T .)  to  n e a r ly  a l l  red  a t  77°K.
The change in  c o lo r  ap p ea rs  to  be r a th e r  ra p id  and o ccu rs  v e ry  n ear 
77°K. T h is l a t t e r  s ta te m e n t i s  based on th e  o b s e rv a tio n  o f  th e  
slow thaw ing o f  a sam ple.
Band I  i s  w e ll  re so lv e d  in  P .M .P. and shows two w e ll
^  1 — *1 
re so lv ed  maxima a t  19,440 cm' and 20,850 cm . There a re  a ls o
sh o u ld e rs  a t  22 ,200 , 23 ,500 , and 20,000 cm- '*'. The a b s o rp tio n  a t
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20,000 cm’"'*' does not appear in  th e  77°K E .P .A . spectrum . N e g le c tin g  
th e  "bump" a t  20,000  cm"1, one has  th e  fo llo w in g  p ro g re s s io n  o f  peaks 
and s h o u ld e rs :  19,440, 20 .850 , 22,200 and 23,500 cm 1 . These
sp ac in g s  f i t  f a th e r  n ic e ly  w ith  an  e x c i te d  s t a t e  v ib r a t io n a l  mode
w ith  v = 1400 cm 1.0
As in  E.P.A . a low i n t e n s i t y  sh o u ld e r  ap p ea rs  a t  th e  low
-1
energy  s id e  o f  band IX a t  30,300 cm . Band I I  has two c l e a r ly  
re so lv e d  maxima a t  32,680 and 33,900 cm 1 ; a sh o u ld e r  i s  v i s i b l e  a t  
35,200 cm- 1 . These correspond to  an e x c i te d  s t a t e  v ib r a t io n a l  
freq u en cy  o f 1300 :cm 1 .
The b lue s h i f t s  o f  a-MNN in  P .M .P. in  going from  room 
tem p era tu re  to  77°K a re  v e ry  la r g e .  I t  i s  p o s s ib le  th a t  w a te r which 
i s  s o lu b le  a t  R.T. becomes le s s  s o lu b le  a t  77°K and p r e f e r e n t i a l l y  
s o lv a te s  th e  a-MNN m o lecu les . I f  such  w ere th e  c a se , however, one 
m ight ex p ec t decreased  v ib r a t io n a l  s p l i t t i n g s  a s s o c ia te d  w ith  hydrogen 
bonding o f w a te r m olecules to th e  oxygens on a-MNN. Such an e f f e c t  
i s  n o t o b serv ed , however. In  f a c t ,  th e  v ib r a t i o n a l  s p l i t t i n g s  a re  
l a r g e r  in  P.M .P. than  in  E .P .A . T h is  i s  in  agreem ent w ith  th e  room 
tem p era tu re  an a ly se s  o f th e  v i b r a t i o n a l  s p l i t t i n g s  in  cyclohexane and 
e th a n o l .  The a b so rp tio n  spectrum  o f a-MNN in  I^O was m easured to 
compare th e  b lu e  s h i f t  w ith  th a t  observed  in  P .M .P. a t  77°K. The
spectrum  i s  shown in  F ig u re  3 .11  and th e  e n e rg ie s  a re  shown in
T able 3 .1 0 . Band I  i s  no t b lue  s h i f t e d  a s  much in  a t  R .T. a s  i t
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FIGURE 3 .1 1 . E le c tro n ic  a b so rp tio n  spectrum  o f  a-MNN in  w ater a t  R .T ..
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TABLE 3.10






energy  under bo th  c o n d it io n s .  S im ila r  e x p e rim en ta l r e s u l t s  s h a l l  be 
en co u n te red  f o r  d i r a d ic a l  m olecu les in  P.M .P. a t  77°K»and s h a l l  be 
f u r th e r  d isc u sse d  a t  th a t  tim e .
Thus, a t  77°K th e  0-0  bands ap p ears  to  be more in te n se  
r e l a t i v e  to  R .T ., b u t th e  same v ib r a t io n a l  a n a ly s is  o f  th e  p r in c ip a l  
bands i s  a p p l ic a b le  a t  b o th  te m p e ra tu re s . The v ib r a t io n a l  s p l i t t i n g s  
o f band I  a re  sm a lle r  in  E .P .A . th an  in  P .M .P ., b u t f o r  band IX, the 
s p l i t t i n g s  a re  th e  sqme—w ith in  ex p e rim en ta l e r r o r .  W ith reg a rd  to  
th e  dim er sp e c ie s  observed  in  th e  E .P .R . spectrum  in  E .P .A ., i t  i s  
p o s s ib le  t h a t  th e  sh o u ld e r a t  th e  low energy  s id e  o f band I I  a r i s e s  
from th e  d im er. N e v e r th e le s s , th e  p o p u la tio n  would be v e ry  low; t h i s  
i s  in  agreem ent w ith  th e  p r e d ic t io n  from  th e  E .S .R . spectrum .
An a tte m p t was made to  m easure an em iss io n  spectrum  o f 
a-MNN in  an  e th a n o l g la s s  (95% EtOH) a t  77°K. The compound was 
e x c i te d  in  b o th  th e  re g io n s  o f  bands I  and I I ;  no em iss io n  was 
o b se rv ed . A se a rc h  f o r  em iss io n  was made a t  low energy  and in  th e  
re g io n  betw een bands I  and I I ,  I t  i s  concluded th a t  a-MNN in  s o lu t io n  
does n o t em it.
(B) a-PHENYLNITRONYLNITROXIDE (a-rfNNl
1. E .S .R .: The room tem p era tu re  E .S .R . spectrum  o f a-«JNN in
benzene, a s  m easured in  th e se  l a b o r a to r ie s  (F ig u re  3 .1 2 ) ,  c o n s is ts  
o f f iv e  m ajor l in e s  (a ^  .= 7 .5  g) apd s e v e ra l  sm a lle r  h y p e rfin e  
s p l i t t i n g s .  These r e s u l t s  a re  in  agreem ent w ith  |a ^ |  re p o rte d
dl(H)
dH
5 .0  gauss
H
FIGURE 3 .1 2 .  R.T. E .S .R . spectrum  of q- j5NN i n  benzene s o lu t io n . vovo
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18by O siek i and Ullman who a s s ig n e d  th e  m ajor s p l i t t i n g s  to  two 
e q u iv a le n t  n i t ro g e n s  in  th e  m o lecu le . A d e t a i l e d  a n a ly s i s  o f  th e  
s m a l le r  h y p e rf in e  s p l i t t i n g s ,  | a ^ |  = .2  g , has no t been a ttem p ted .
At l e a s t  twelve l i n e s  a re  v i s i b l e  in  a m odera te ly  re so lv e d  spectrum . 
T h is  i s  more than  one would expec t to  r e s o lv e  f o r  only  methyl hydrogens 
on th e  n i t r o n y ln i t r o x id e  r in g  (see  a-MNN - E .S .R .) .  Thus, th e  phenyl 
hydrogens a re  c o n t r ib u t in g  t o  th e  s p e c t r a l  s p l i t t i n g s .  Although the  
phenyl hydrogens a re  c o n t r ib u t in g  t o  th e  s p e c t r a l  s p l i t t i n g ,  im plying 
d e l o c a l i z a t i o n  over the  m olecu le , th e  n e t  e f f e c t  i s  sm a ll ,  and the  
p r o b a b i l i t y  o f  f in d in g  th e  e l e c t r o n  on th e  phenyl group i s  p robab ly  
l e s s  th an  2%. I n t e r e s t i n g l y ,  s u b s t i t u t i o n  o f  a phenyl group in  p lace  
o f  a m ethyl group a t  the  a - p o s i t i o n  a f f e c t s  th e  s p l i t t i n g  c o n s ta n t  
l e s s  th a n  a so lv e n t  change from EtOH to  benzene.
13A high g a in  E .S .R . spectrum  r e v e a l s  a t  l e a s t  one C
s p l i t t i n g ,  having  |a ^ i 3 1 = 12.0 g (F ig u re  3 .1 3 ;  t h i s  i s  the  same va lue
13as  was observed f o r  one o f  th e  C ' s  o f  a-MNN* I t  i s  d i f f i c u l t  t o  
say , w ith  c e r t a i n t y ,  w hether th e r e  i s  o r  i s  no t a resonance sh o u ld e r  
on the  o u te r-m o st p r in c ip a l  l i n e s .  Based on th e  p rev io u s  assignm ent 
i n  a-MNN, one would ex p ec t  such a re so n an ce .  The d i f f i c u l t y  may be 
a t t r i b u t e d  to  th e  in c re a se d  number o f  sm all h y p e r f in e  s p l i t t i n g s  
which cause an e f f e c t i v e  in c r e a s e  i n  AĤ  f o r  th e  p r in c ip a l  f iv e  l i n e s .
The measured g v a lu e  of 2 .0075 ± .0007 i s  s l i g h t l y  a t  
v a r ia n c e  w ith  g = 2 .00651 .± .00003 r e p o r te d  by Ullman, e t  a l .  Since 
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FIGURE 3-13. High g a in  E .S .R . spectrum  o f  Of-jiNN in  benzene.
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i s  no t p o s s ib le  to  d i s c u s s  th e  o r ig i n  o f the  d is c re p a n c y .
The E .S .R . spectrum  of what appeared to be n e e d l e - l i k e  
s in g le  c r y s t a l s  o f  a-^NN did  no t show s ig n i f i c a n t  change i n  th e  
"measured g -v a lu e "  w i th  o r i e n t a t i o n .  The m agnetic  f i e l d  d id  not 
s h i f t  more th an  ±2 g a u s s .  The lack  o f  a n iso t ro p y ,  however, does no t 
n e c e s s a r i l y  mean t h a t  g t e n s o r  i s  n e a r ly  i s o t r o p i c .  S ince  c r y s t a l  
geometry i s  im portan t to  the "measured g -v a lu e " ,  the  observed  
resonance  i s  p ro b ab ly  a s u p e rp o s i t io n  o f resonances  o f  more th an  
one o r i e n t a t i o n  in  th e  m agnetic  f i e l d s .  The E .S .R . spec trum  
(F ig u re  3 .14) o f  a powder sample had = 1 3 .4  g au ss .
A r i g i d  g la s s  E .S .R . spectrum  of a-^NN in  e th a n o l  a t  
77°K (F ig u re  3 .15) i s  v e ry  s im i la r  to  th a t  observed f o r  a-MNN, excep t 
t h a t  b e t t e r  r e s o l u t i o n  i s  observed in  the case  o f  a-i^NN. The 
improved r e s o l u t i o n  r e s u l t s  from th e  absence o f th e  3 .2  g p ro to n  
s p l i t t i n g s  p r e s e n t  in  a-MNN. The s i m i l a r i t y  o f  th e  i s o t r o p i c  
s p l i t t i n g s  and th e  r i g i d  g la s s  spectrum , which r e f l e c t s  th e  
a n i s o t r o p i c  s p l i t t i n g s  f o r  a-MNN and a-^NN, lead  th e  w r i t e r  to  
conclude t h a t  th e  u n p a ired  e l e c t r o n  undoubtedly o ccu p ies  th e  same 
type o f  ground s t a t e  o r b i t a l  i n  b o th  compounds. The a n i s o t r o p i c  
h y p e r f in e  s p l i t t i n g s  a r e  dependent upon the  "shape o f  th e  o r b i t a l " ;  
and, undoub ted ly , th e  " o r b i t a l  shape" near th e  p a ram ag n e tic  n u c le i  
i s  v e ry  s im i l a r  f o r  a-MNN and a-(4NN.
The s i m i l a r i t y  of th e  r i g i d  g la ss  s p e c t r a  o f  a-MNN and 
a-«$NN d e f i n i t e l y  shows t h a t  th e  n i t ro g e n  h y p e r f in e  t e n s o r s  a re
5 .0  gauss
H -*





FIGURE 3.1JJ. E .S .R . do u b le t  spectrum of a-i^NN in  e th a n o l  a t
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r esp o n sib le  fo r  the observed an iso tro p y . Since no other paramagnetic
n u c le i  have c o n s id e ra b le  I s o t r o p ic  s p l i t t i n g s  ( th e  a-m ethy l group i s
m is s in g ) ,  t h i s  i s  th e  on ly  l o g i c a l  c h o ic e .  F u r th e r  comments s h a l l  be
r e se rv e d  u n t i l  th e  a(o-T)NN r i g i d  g la s s y  s o lu t io n  E.S.R. spectrum
h as  been m easured.
A t r i p l e t  resonance was observed  in  the  h a l f - f i e l d  reg io n
f o r  th e  77°K e th a n o l  g l a s s  o f  «foJN ( se e  F ig u re  3 .1 6 ) .  The co rrespond ing
Am = 1 t r i p l e t  re sonances  were no t obse rv ed . At a magnetic f i e l d  o f  * s
1524 gauss and a microwave frequency  o f  9170 Mc/S, D* was c a lc u la te d  
3
t o  be 1.02x10 g au ss .  This  i s  th e  same v a lu e ,  t h a t  was observed f o r  
a-MNN a t  77°K i n  e th a n o l .  I t  app ea rs  t h a t  d im e r iz a t io n  may be 
common t o  th e  a - n i t r o n y l n i t r o x i d e  r a d i c a l s  a t  77°K.
The R.T. h y p e r f in e  s p l i t t i n g  changes o f a-tfNN i n  e th a n o l  
and benzene were c a r e f u l l y  measured fo llo w in g  th e  p rocedures  p r e v io u s ly  
d e s c r ib e d  for.a-MNN. Because o f  th e  d i f f e r e n t  choice o f l i n e s ,  
however, th e  average  v a lu e s  a re  the  t r u e  s p l i t t i n g  c o n s ta n ts —not 
j u s t  " e f f e c t i v e  s p l i t t i n g  c o n s ta n ts " .  The d i s ta n c e  between each l i n e  
o f  r e l a t i v e  i n t e n s i t y  2 (g iv in g  the  l i n e s  of low est i n t e n s i t y  a v a lu e  
o f  1) and th e  c e n te r  l i n e  ( r e l a t i v e  i n t e n s i t y  3) were chosen f o r  th e  
m easurem ents. The measurements and th e  s p l i t t i n g  c o n s ta n ts  a re  shown 
i n  Table  3 .1 1 .  As ex p ec ted , th e  n i t r o g e n  s p l i t t i n g s  a re  l a r g e r  in  





FIGURE 3 .16 . H a l f - f i e l d  E.S.R . spectrum of of-^NN in  e th a n o l  a t  77 °K.
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TABLE 3.11
MEASUREMENTS AND THE EFFECTIVE VALUES OF THE HYPERFINE 








5 <, 102.0 100.9
Average -* 102. 4 ± .4 101 . 1±. 2
101 . 7±.3
laN le f f  = 7 *63±.03
Benzene
Spectrum d23 d34
1 100.5 9 9 .0
2 100.5 99.0
3 100.5 100 . 2 (? )
4 99 .8 99.5
5 100.3 98.7
Averaget *V ' .* ' 1 * 1 0 0 .3±. 3 9 9 .7 ± .3
99 .7 ± .3
H ' e f f  = 7- 47±*03
A r b i t r a r y  u n i t s .
^Conversion f a c t o r  o f  .0750 g a u s s /u n i t .
2. E le c t r o n ic  A bsorp tion  S p e c t r a : The w aveleng ths  o f  maximum
a b s o rp t io n  and the  co rrespond ing  e x t i n c t i o n  c o e f f i c i e n t s  o f  a-$NN 
were r e p o r te d  by O sieck i and U l lm a n ^ .  The a b s o rp t io n  s p e c t r a  have 
been measured and s e v e ra l  t r a n s i t i o n s  have been observed t h a t  did 
n o t  appear in  t h e i r  t a b l e s .  The a b s o rp t io n  s p e c t ra  o f  a-«JNN in  
n-hexane and i n  e th an o l  a r e  shown in  F ig u re  3 .1 7 ;  th e  e n e r g ie s ,  
e x t i n c t i o n  c o e f f i c i e n t s  and v i b r a t i o n a l  f re q u e n c ie s  a re  g iven  in  
Table  3 .1 2 .  The bands o r ig i n a t i n g  a t  6962& (14 ,360  cm *") and a t  
3628^ (27 ,560 cm a re  s im i l a r  to  bands 1 and 11 o f  a-MNN,
r e s p e c t i v e l y  and a re  ag a in  g iven  th e  l a b e l s  1 and 11. The h igh  
energy  a b s o rp t io n s  a re  d e s ig n a te d  a s  a b s o rp t io n  re g io n  111 .
Band I  i n  n-hexane i s  a broad (5 ,5 0 0  cm s t r u c tu r e d
band showing th re e  w e ll  r e so lv e d  v i b r a t i o n a l  maxima (14 ,360 cm
- 1  - 1  - 1  15,640 cm ) ;  16,920 cm ) and two sh o u ld e rs  (18 ,200 cm ;
19,500 cm ^ ) .  The even sp ac in g  between th e s e  peaks and sh o u ld e rs
i s  i n d i c a t i v e  o f  a harmonic e x c i te d  s t a t e  p o t e n t i a l  f u n c t io n ;  th e
symmetric e x c i te d  s t a t e  v i b r a t i o n a l  freq u en cy  i s  measured to  be
1280 cm The e x c i te d  s t a t e  v i b r a t i o n a l  i n t e r v a l ;  observed fo r
a-MNN was 1 ,020 cm ^ which compares f a v o ra b ly  w ith  1 ,280 cm ^ fo r
a-^NN. Band I  in  a-^NN i s  red  s h i f t e d  3 ,200 cm” * from band I  in
a-MNN and th e  Franck-Condon co n to u r  o f  th e  band i s  s l i g h t l y  a l t e r e d
band 2 o f  the  v i b r a t i o n a l  p ro g re s s io n  i s  more in te n s e  i n  a-^NN
r a t h e r  th an  th e  0-0 band. Both th e  re d  s h i f t  and change i n  band

















FIGURE 3 .1 7 .  E le c t ro n ic  a b so rp t io n  s p e c t r a  o f  ct-^NN in  n-hexane and in  e th a n o l .
TABLE 3 .12
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ABSORPTION ENERGIES AND EXTINCTION COEFFICIENTS OF 
IN n-HEXANE AND ETHANOL SOLUTIONS
n-Hexane





3477 28,760 9 .4
2838 35,240 10
2672 37,430 13






2387 4 ,890 8 .2
I l l
n i t r o n y l n i t r o x i d e  and a -p h en y l  r e l a t i v e  t o a - m e t h y l .  In  a lc o h o l ,  
band I  o f  a-^NN b lue  s h i f t s  1180 cm”1 and a g e n e ra l  lo s s  in  
s t r u c t u r e  occu rs  r e l a t i v e  to  the  spectrum  i n  n -hexane. Both of 
th e se  e f f e c t s  a r e  analogous to  the  s o lv e n t- in d u c e d  e f f e c t s  observed 
fo r .  a-MNN.
The marked s i m i l a r i t i e s  i n  energy , v i b r a t i o n  i n t e r v a l ,  
a b s o rp t io n  i n t e n s i t y ,  and s o lv e n t  e f f e c t  f o r  bands I  o f  a-MNN and 
a-^NN s t r o n g ly  in d i c a t e  t h a t  the  e l e c t r o n i c  t r a n s i t i o n  r e sp o n s ib le  
f o r  band I  i s  p red o m in a te ly  lo c a l iz e d  in. th e  n i t r o n y ln i t r o x id e  p o r t io n  
o f  th e s e  m o lecu le .
Band I I  i s  v e ry  s im i l a r  in  con tou r t o  band I I  o f  a-MNN.
-1The 0-0  band o ccu rs  a t  27,560 cm . , and i s  a t  l e a s t  tw ice as  in te n se  
s s  th e  o th e r  members o f  th e  v i b r a t i o n a l  p ro g re s s io n .  This suggests  
t h a t  th e  ground s t a t e  and Franck-Condon e x c i te d  s t a t e  p o t e n t i a l  
f u n c t io n s  a r e  v e ry  s im i l a r .  The e x c i te d  s t a t e  v i b r a t i o n a l  frequency
^  I
i s  abou t .1,200 cm" . The 0-0 band o f  band I I  o f  a-^NN in  n-hexane 
i s . r e d  s h i f t e d  3 ,6 5 -  cm 1 r e l a t i v e  to  a-MNN. T h is  red  s h i f t  and the  
phenyl r i n g  h y p e r f in e  s p l i t t i n g s  d e f i n i t e l y  imply t h a t  th e  i n t e r a c t i o n  
between th e  n i t r o n y l n i t r o x i d e  and phenyl r in g s  i s  n o t  n e g l ig ib l e .  
A lthough th e r e  i s  i n t e r a c t i o n  between th e  two r i n g s ,  th e  e n e rg ie s  
a n d /o r  co n to u rs  o f  bands I  and I I  a re  not so d i f f e r e n t  t h a t  th e y  can 
n o t  be r e l a t e d  to  the  n i t r o n y l n i t r o x i d e  subsystem . In  e th a n o l  the  
v i b r a t i o n a l  s p l i t t i n g s  a re  n o t  so w e l l  r e so lv e d  as  in  n-hexane and 
th e  z e ro -z e ro  band i s  b lu e  s h i f t e d .  For band I I  o f  a-^NN in  n-hexane, 
th e  en e rg y , th e  Franck-Condon con tour and th e  v i b r a t i o n a l  s p l i t t i n g s
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a re  v e ry  s im i la r  to  band I I  o f  of-MNN in  cyclohexane. Thus, th ese  
s i m i l a r i t i e s  e s t a b l i s h  the " s e m i- lo c a l iz e d "  c h a ra c te r  of the  t r a n s i t i o n .  
Analogous to  band I I  o f  a  MNN, band I I  i s  a s s ig n ed  as being TT -* rr in  
n a tu r e .
Between bands I  and I I ,  a v e ry  weak sh o u ld e r  was observed.
The shou lder  has a maximum near 4350X. I t  i s  d i f f i c u l t  to  s e p e ra te
th e  a b s o rp t io n  s in ce  i t  app ears  between bands I  and I I .  The molar
e x t i n c t i o n  c o e f f i c i e n t  i s  e s t im a te d  to  oe about 30. The weak
in te n s ity  suggests an n-TT tr a n s it io n ,  but no d e f in it e  assignment
s h a l l  be a ttem p ted . (This  band i s  obscured in  e th a n o l ) .
A bsorp tion  r e g io n  I I I  i s  somewhat more complex s in ce  i t
c o n s i s t s  of a number o f maxima. The bands appear to  be "over lap p in g
t r a n s i t i o n s " .  The a b s o rp t io n  a t  37,430 cm * and the  a b s o rp t io n
which i s  in d ic a te d  by the  r i s i n g  a b s o rp t io n  a t  50,000 cm ^ a re
c h a r a c t e r i s t i c  o f s u b s t i t u t e d  benzenes such as  n i t ro b e n z e n e ,
b en zo ic  a c id  and benzaldehyde, In  terms o f the  nom enclature a p p l ie d
19to  benzene and s u b s t i t u t e d  benzenes by Daub and Vandenbelt , the  
t r a n s i t i o n s  might e a s i l y  be a s s o c ia t e d  w i th  the  " f i r s t  prim ary" and 
second prim ary" bands, r e s p e c t i v e l y ,  These t r a n s i t i o n s  a re  q u i te  
r e d - s h i f t e d  r e l a t i v e  to  benzene and have t r a n s i t i o n  e n e rg ie s  s im i la r  
t o  n i tro b en z en e .  The maximum a t  35,240 cm ( r e a l l y  a shou lder)  
may be r e l a t e d  to  band I I I  o f  a-MNN. The a b s o rp t io n  maxima a t  
41,780 cm"*' and 45,540 cnT* do not appear  to  belong to  th e  composite 
systems a lo n e .  These t r a n s i t i o n s  might be a t t r i b u t e d  to  i n t e r a c t i o n s
19L. Daub and J.M. V andenbelt ,  Am. Chem. S o c . . 71, 2414
(1 9 4 9 ).
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between the r in g s  or they  may ne charge t r a n s f e r  bands in  which an 
e l e c t r o n  i s  t r a n s f e r r e d  from the n i t r o n y ln i t r o x id e  to  th e  phenyl 
r i n g .  In  going to  e th a n o l ,  a l l  o f  the  bands in  re g io n  I I I  a re  blue 
s h i f t e d  r e l a t i v e  to  the  spectrum  in  n-hexane.
In  summary, the  phenyl and n i t r o n y l  n i t r o x id e  ringr: 
system s i n t e r a c t —to  a l im i te d  e x te n t .  Bands I  and I I  o f  a-^NN are  
r e l a t e d  to  bands I  and I I  o f  of-MNN. A bsorp tion  re g io n  I I I  has 
t r a n s i t i o n s  which a re  v e ry  s im i la r  to  band I I I  o f  a-MNN and s u b s t i t u t e d  
benzenes . On the o th e r  hand, t h e r e  a re  some t r a n s i t i o n s  which a re  
no t  r e l a t e d  to one subsystem  a lo n e .  The s i m i l a r i t y  of the  unpaired  
e l e c t r o n  d i s t r i b u t i o n  in  the ground s t a t e  o f  a-MNN and cv-*$NN. should 
a l s o  be r e c a l l e d  (E .S .R . , t h i s  s e c t i o n ) . C onsidering  th e se  r e s u l t s ,  
d e s c r i p t i o n  o f a-^NN as  a composite m olecule of p e r tu rb e d  subsystems 
i s  j u s t i f i e d .
3. Other Experim en ts : Among th e  experim en ts  re p o r te d  by O sieck i
and U llm an ^  were the  p ro to n a t io n  o f  a-&JN w ith  t r i f l u o r o a c e t i c  
a c id  and the s y n th e s is  o f  a compound which they  su sp ec ted  o f being  
th e  c h lo r id e  s a l t  o f  the  o x id ized  a-tiNN* There was, however, no 
e l e c t r o n i c  a b so rp t io n  d a ta  on th e se  compounds. These s p e c t r a  a re  
im p o r ta n t  because th ey  should  g ive  the  " l i m i t i n g  s h i f t "  o f  the  
e l e c t r o n i c  a b so rp t io n  bands w i th  p ro to n a t io n  and, second ly , the 
c a t i o n  spectrum  of the r a d i c a l  should  be h e lp f u l  to  an assignm ent 
o f  th e  t r a n s i t i o n s  o f th e  n e u t r a l  r a d i c a l .
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The p ro to n a te d  s p e c ie s  was p rep ared  by d i s s o lv in g  of-^NN in  
ap p ro x im a te ly  10% (by volume) t r i f l u o r o a c e t i c  a c id  (TFAC) in  benzene 
s o lu t i o n .  The E .S .R . spectrum was measured (F ig u re  3 .1 8 ) .  O s ieck i 
and U llm an 's  i n t e r p r e t a t i o n  o f  two in e q u iv a le n t  n i t ro g e n s  ( \ = 5 .7  
gauss | a j j / |  = gauss) and a p ro to n  ( |& j|l  = 4 .7  gauss)  i s  c o n s i s t e n t  
w i th  experim en t.  I t  was found t h a t  th e  E .S .R . spectrum  changed w i th  
t im e .  The c e n te r  l i n e s  became l e s s  in te n s e  and two e x t r a  l i n e s  
appeared  in  the  wings o f the  spectrum ; th e  spectrum  app ears  to  be 
a s u p e rp o s i t io n  o f  the  p ro to n a te d  s p e c ie s  and some o th e r  r a d i c a l .
The most i n t e r e s t i n g  a s p e c t  o f  th e  E .S .R . spectrum  i s  the  
change i n  the  g va lue  of the  p ro to n a te d  a-^NN i n  th e  t r i f l u o r o a c e t i c  
a c id  benzene m ix tu re  compared to  th e  g v a lu e  i n  benzene. The 
measured g v a lu e  o f  2.0045 i s  in  c o n t r a s t  to  2.0075 i n  pure benzene.
The change in  the  g value  may be a t t r i b u t e d  to  one o f - - o r  a com bination 
o f -”*severa l e f f e c t s :
(a )  A d r a s t i c  change in  th e  s p in  d e n s i ty  o f  the  
o r b i t a l  w ith  which th e  unpaired  e l e c t r o n  i s  p r i n c i p a l l y  a s s o c ia te d .
(b) A la rg e  change o f  th e  energy  a n d /o r  th e  symmetry 
o f  the  o r b i t a l s  which i n t e r a c t  most s t r o n g ly  w ith  the  unpaired  
e l e c t r o n  M.O. v ia  s p in  o r b i t  c o u p l in g .
Changes in  th e  i s o t r o p i c  s p l i t t i n g  c o n s ta n t s —as  w e l l  as 
the  appearance o f  a sp in  d e n s i ty  on .the  added p ro to n —should se rv e  
a s  a measure of th e  change i n  th e  ground s t a t e  "un p a ired  e l e c t r o n "
M.O. A more r ig o ro u s  t e s t  would be to  observe  the  r i g i d  g la s s
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FIGURE 3 .18 . E .S .R . spectrum  of a-^NN in  s o lu t io n  w ith  TFAC and benzene.
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FIGURE 5 .1 9 .  E .S .R . spectrum o f  a-<JNN in  so lu t io n  w ith TFAC and benzene (th r e e  hours 
a f te r  p rep a ra tio n ).
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spectrum  a l s o .  U n fo r tu n a te ly ,  benzene I s  n o t known f o r  i t s  a b i l i t y
t o  form g l a s s e s .  I t  i s  i n t e r e s t i n g  to  note  t h a t  the  s p l i t t i n g  a t
th e  added p ro to n  i s  4 .7  g auss .  Using E qua tion  3a, the  o r b i t a l
p r o b a b i l i t y  i s  about .01  ( i . e . ,  th e  unpa ired  e l e c t r o n  spends 1% of
i t s  tim e a t  the  a d d i t io n a l  p ro to n .  The observed  h y p e r f in e  s p l i t t i n g
i s  smally and i t  i s  s im i la r  to  p ro to n a te d  s p e c ie s  which a re  cons ide red
to  be rr system s. As an example, th e  amino p ro to n  s p l i t t i n g s  in
N ,N * d ih y d ro - l ,4 -d ip y r id in y l  c a t io n  i s  4 ;2  g au ss .  Sucn a comparison
I n d ic a t e s  t h a t  the  unpa ired  e l e c t r o n  i s  i n  a tt o r b i t a l .
Although th e  M.O, model d isc u s se d  has been r e s t r i c t e d
to  an E.C.A.O. M.O. i n t e r p r e t a t i o n ,  a more r ig o ro u s  t re a tm e n t  o f
th e  e l e c t r o n i c  s t r u c tu r e  would in c lu d e  c o n f ig u ra t io n  i n t e r a c t i o n
o f  an tisym m etrized  w av efu n c tio n s .  A l im i te d  t re a tm e n t  o f  c o n f ig u ra t io n
i n t e r a c t i o n  lead s  to  McConnel's famous r e l a t i o n  a = Qp, in  which Q i s
a a-TT param eter and p i s  th e  n e t  e l e c t r o n  s p in  d e n s i ty  i n  a carbon 
20
TT M.O. . That . r e l a t i o n s h ip  i s  used fo r  hydrocarbon a ro m a tic  system s.
The same type of t re a tm e n t  f o r  an oxygen hydrogen bond should give
21th e  c o r r e c t  o rd e r  o f  magnitude f o r  th e  s p l i t t i n g  a t  th e  p ro to n .
I f  the  p ro to n  i s  p r i n c i p a l l y  in  a t t  o r b i t a l ,  th e n  th e  p o s i t i v e  g 
v a lu e  c o n t r ib u t io n  would come from i n t e r a c t i o n  of th e  ground s t a t e  
w i th  e x c i te d  s t a t e s  i n  which lower ly in g  a  e l e c t r o n s  were e x c i te d  
to  the  unpaired  e l e c t r o n  M.O. ( se e  Equa tion  2 ) .  Two im p o rtan t
90 , i
H.M. McConnel, J .  Chem. P hys. . 24, 764 (1956),
21Opinion o f  th e  w r i t e r .
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q u e s t io n s  a r e :  (1) What e f f e c t  does p ro to n a t io n  have on th e  sp in
d e n s i t i e s  a t  th e  v a r io u s  atoms in  th e  d i f f e r e n t  M .O . 's? ,  and (2) What
i s  the  e f f e c t  o f  p ro to n a t io n  on th e  e n e rg ie s  o f  th e  o o r b i t a l s
r e l a t i v e  to  the  e n e rg ie s  o f  the  tt o r b i t a l s ?  A q u a l i t a t i v e  answer to
th e s e  q u e s t io n s  has been exp ressed  by Kawamura, e t  a l . . f o r  n i t ro x id e  
22r a d i c a l s  . The p ro to n a t io n  has the  e f f e c t  o f  " d e lo c a l iz in g "  the 
a  e l e c t r o n s  to  in c lu d e  th e  p ro to n ;  th u s ,  the  <7 e l e c t r o n  p o pu la tion  
i s  e f f e c t i v e l y  reduced n e a r  the  oxygen atoms of a-^NN. These reduced 
a  charge d e n s i t i e s  lead  to  sm a lle r  g v a lu e  c o n t r ib u t io n s  o f th e se  
e l e c t r o n s  v i a  s p in  o r b i t  c o u p l in g .  The d e lo c a l i z a t i o n  over the 
p o s i t i v e  p ro to n  would have the e f f e c t  o f  low ering  the  a  energy 
l e v e l s  more th a n  the  t t  energy  l e v e l s .  T h is  would a l s o  decrease  
sp in  o r b i t  i n t e r a c t i o n  ( se e  Equa tion  2, C hapter  I ,  S ec t .A ) .  Although 
Kawamura espoused  h i s  argument f o r  hydrogen bonding s o lv e n ts ,  the 
complete p r o to n a t io n  i s  o n ly  a s p e c i a l  e x te n s io n  o f  th e  q u a l i t a t i v e  
argum ent.
The e l e c t r o n i c  a b s o rp t io n  spectrum  o f  a-^NN and TFAC in  
benzene f s  shown in  F ig u re  3 .2 0 .  The e n e rg ie s  a re  shown in  
Table  3 .1 3 .  The f i r s t  band maximum o ccu rs  a t  21,050 cm I t  i s  
v e ry  b ro ad .  The t r a n s i t i o n  should be a s s o c ia te d  w i th  band I  observed
22T. Kawamura, S. Matsunami and T. Yonezawa. B u l l .  Chem. 








FIGURE 3 .2 0 .  E le c t ro n ic  a b so rp t io n  spectrum  o f  a-^NN i n  s o lu t io n  w ith  TFAC and benzene.
TABLE 3 .1 3
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ABSORPTION ENERGIES OF a-lbNN IN A SOLUTION OF TRIFLUOROACETIC
ACID AND BENZENE
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FIGURE 3 .2 1 .  A b so rp tio n  s p e c t r a  o f  a-j&NN in  benzene upon 
su c c e s s iv e  a d d i t io n s  o f  TFAC.
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In  n -hexane. The assignm ent I s  based upon o b s e rv a t io n  o f the  s p e c t r a  
upon s u c c e s s iv e  a d d i t io n s  o f  one drop o f  TFAC to  a s o lu t io n  of
a-^NN i n  benzene w h ile  in  th e  a b s o rp t io n  c e l l  ( se e  F ig u re  3 .21  f o r
s p e c t r a ) .  The a b s o rp t io n  c o e f f i c i e n t  in c r e a s e s  w i th  th e  a d d i t io n  
o f  TFAC,and i t  i s  e s t im a te d  to  be about 1100 fo r  th e  p ro to n a te d  
s p e c i e s .  The v a lu e  o f e a t  f o r  band I  in  e th a n o l  was measured
to  be 632. Band I  has b lue  s h i f t e d  5500 cm"'*' r e l a t i v e  t o  i t s  v a lue  
i n  e th a n o l .  The second band should be a s s o c ia te d  w ith  band I I  in  
e th a n o l  and n-hexane . Band I I  has b lue  s h i f t e d  3600 cm  ̂ r e l a t i v e  
to  i t s  v a lu e  i n  e th a n o l .  U n fo r tu n a te ly ,  the  h ig h e r  energy  bands can
no t be observed  as  th e  benzene b eg in s  to  absorb  s t r o n g ly .  The
observed  b lue  s h i f t s  a r e  v e ry  l a r g e —even i n  the  l i g h t  o f  p re v io u s  
d i s c u s s io n  o f  p r o to n a t io n  e f f e c t s ,  and a re  not w e l l  und ers to o d .
The o th e r  spectrum  of i n t e r e s t  was t h a t  of th e  a-^NN 
c a t i o n .  O s ie c k i  and Ullman produced th e  c a t io n  by o x id iz in g  th e  
r a d i c a l  w i th  c h lo r in e  g a s .  The c a t io n  was confirmed by th e  NMR 
s p e c t r a  o f  th e  p ro d u c t  i n  SO^Cĵ  which in d ic a te d  f iv e  a ro m a tic  
hydrogens and a s i n g l e t  o f  fo u r  m ethyl g roups. Since th e  compound 
gave an NMR and no ESR a b s o r p t io n s ,  th e r e  i s  l i t t l e  doubt t h a t  th e  
compound was th e  c a t i o n  r a d i c a l .
In  th e s e  l a b o r a t o r i e s ,  o - p h e n y ln i t r o n y ln i t r o x id e ,  d is s o lv e d  
in  carbon t e t r a c h l o r i d e ,  was t r e a t e d  w ith  c h lo r in e  gas u n t i l  the 
c h a r a c t e r i s t i c  b lue  c o lo r  d is a p p e a re d .  The p roduct was an orange 
s o l i d  which p r e c i p i t a t e d  i n  carbon t e t r a c h l o r i d e .  The compound was
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v e ry  h y d ro sc o p ic ,  and would p ic k  up w a te r  from the  a i r  to  g iv e  th e  
c h a r a c t e r i s t i c  b lue  c o lo r  o f  th e  r a d i c a l .  The compound d is s o lv e d  
i n  v e ry  d ry  a c e t o n i t r i l e  to  g iv e  a yellow s o lu t io n .  I f  th e  
a c e t o n i t r i l e  was not v e ry  d ry ,  th e  a b s o rp t io n  o f  th e  unox id ized  r a d i c a l  
a l s o  appeared  i n  th e  o p t i c a l  a b s o rp t io n  spectrum ; and th e  s o lu t i o n  
gave a s t r o n g  E .S .R . s i g n a l .  The s o lu t io n s  were s t a b l e  f o r  a t  
l e a s t  tw e n ty - fo u r  h o u rs ,  and a d d i t i o n  o f w ate r  re g e n e ra te d  th e  
r a d i c a l  c o lo r .  A d d it io n  o f  AgNO^ to  th e  aqueous s o lu t io n  gave a w hite  
p r e c i p i t a t e  which d isappeared  and reappeared  w ith  su c c e s s iv e  a d d i t io n s  
o f  ammonia and. n i t r i c  a c id —th u s ,  confirm ing  the  p resence  o f  th e  
c h lo r id e  io n .  A d d it io n  o f  s o l id  sodium bromide to  s o lu t i o n s  of the  
orange p ro d u c t  in  a c e t o n i t r i l e  a l s o  re g e n e ra te d  th e  b lu e  r a d i c a l .
The a b s o rp t io n  spectrum  i n  a c e t o n i t r i l e  i s  shown in  
F ig u re  3 .2 2 ,  and the  e n e rg ie s  a r e  shown in  Table 3 .1 4 .  Two broad 
bands and a r i s i n g  a b s o rp t io n  a t  23Q0& ( th e  l im i t  of th e  a b s o rp t io n  
range  o f  a c e t o n i t r i l e )  were o bserved . Band I  i s  a broad band w i th  
a maximum a t  22,340 cm The second band i s  somewhat, sh a rp e r  
o c c u r in g  a t  31 ,340 cm Comparisons o f  t h i s  spectrum  to  t h a t
o b se rv ed  f o r  th e  a-f&NN r a d i c a l  a r e ,  a t  l e a s t ,  u n c e r t a in .  I f  one
-1 -1a s s o c i a t e s  th e  f i r s t  two bands a t  22,340 cm and 31,340 cm w i th
bands I  and I I  observed  in  a-f&NN n e u t r a l  r a d i c a l , . t h i s  im p lie s
t h a t  the  bands a r e  b lue  s h i f t e d  from those  of the  n e u t r a l  r a d i c a l








FIGURE 3 .22 . E le c tro n ic  ab so rp tio n  spectrum  of a-^NN c a tio n  in  a c e to n i t r i l e .
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TABLE 3 .14
ABSORPTION ENERGIES OF a-dNN CATION IN ACETONITRILE SOLUTION
£  cm"*- fi(l/m.cm)
4477±6 22,340±40 ~ 3 .0 x l0 3
3124±6 31,340±60 ~18xl03
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a b s o rp t io n  a t  2300^ can no t be c h a r a c te r iz e d  due to  s o lv e n t  a b s o rp t io n ,  
t h i s  a b s o rp t io n  could presum ably be a s s o c ia te d  w ith  r e g io n  I I I  
observed  f o r  th e  n e u t r a l  r a d i c a l .  This  assignment i n d i c a t e s  t h a t  the  
f i r s t  s t r o n g  a b s o rp t io n  o f  r e g io n  XII i s  b lue  s h i f t e d  a t  l e a s t  
6 ,000  cm~^ r e l a t i v e  to  t h a t  in  th e  n e u t r a l  r a d i c a l .  Another p o s s ib le  
i n t e r p r e t a t i o n  i s  t h a t  a l l  or p a r t s  o f  th e  a b so rp t io n  co rresp o n d in g  
t o  r e g io n  I I I  f o r  th e  n e u t r a l  r a d i c a l  a re  m issing  th e  in  th e  c a t io n  
spectrum .
In  a s h e l l  model th e  Aufbau P r in c ip le  d i c t a t e s  t h a t  the  
u n p a ired  e l e c t r o n  r e s id e s  in  th e  h ig h e s t  u n f i l l e d  M.O. The appearance 
o f  bands I  and I I  in  the  spectrum  o f  bo th  th e  n e u t r a l  r a d i c a l  and 
th e  a c t i o n  in d i c a t e s  t h a t  the  prom otion  o f the unpaired  e l e c t r o n  i s  
n o t  r e s p o n s ib le  f o r  e i t h e r  o f  bands I  and I I .  The on ly  a l t e r n a t i v e  
i s  t h a t  bands I  and I I  i n  th e  n e u t r a l  r a d i c a l  invo lve  the  promotion 
o f  e l e c t r o n s  from lower energy  p i  M .O .'s  to  the  o r b i t a l  occupied  by 
th e  u n p a ired  e l e c t r o n .  In  th e  c a t i o n  bands I  and I I  would then  
correspond t o  th e  promotion o f  e l e c t r o n s  from the  lower energy  p i  
M .O . 's  t o  th e  o r b i t a l  fo rm erly  occupied  by the unparied  e l e c t r o n .
In  th e  absence o f  s o lv e n t  e f f e c t s  and absence o f e l e c t r o n  c o r r e l a t i o n  
between e l e c t r o n s  in  d i f f e r e n t  M .O.1s ,  one would expec t th e  c a t io n  
spectrum  to  be red  s h i f t e d  r e l a t i v e  to  t h a t  of the  n e u t r a l  r a d i c a l .
The e l e c t r o n s  promoted to  the  com ple te ly  vacan t o r b i t a l  i n  a-»$NN+ 
would e x p e r in e c e  l e s s  r e p u l s io n .  T h is  expected  red  s h i f t  i s  not 
obse rv ed , b u t  r a t h e r  a b lue  s h i f t .  Of co u rse ,  we a re  comparing
th e  spectrum  of a-«&NN n e u t r a l  r a d i c a l  in  e th a n o l  to  t h a t  o f  a-^NN+ 
in  a c e t o n i t r i l e .  I t  i s  p o s s ib le  t h a t  the  so lv e n t  e f f e c t s  on the 
c a t io n  acco u n t f o r  th e  b lue  s h i f t s .
I f  one a t te m p ts  to  a s s o c i a t e  the  f i r s t  and second bands 
o f th e  c a t i o n  w i th  band I I  and re g io n  I I I  of th e  a-j&NN r a d i c a l ,  
th en  th e  red  s h i f t  (5000 cm *") must be r a t i o n a l i z e d .  In  a d d i t io n ,  
t h e  r e l a t i v e  i n t e n s i t i e s  in  going from r a d i c a l  to  c a t io n  would be 
re v e rse d  and each  g r e a t l y . a l t e r e d  i n  m agnitude. The l a t t e r  
d isc o u rag es  t h i s  a ss ignm en t.
Thus, i t  may be concluded t h a t  the f i r s t  and second bands 
observed f o r  a-f^NN* correspond t o  bands I  and I I ,  r e s p e c t iv e ly ,  o f  
<y-«$NN. In  a d d i t i o n ,  the  r i s i n g  a b s o rp t io n  a t  2300^ in  the  c a t io n  
spectrum  may co rrespond  to  r e g io n  I I I  i n  th e .  n e u t r a l  r a d i c a l  spectrum .
(C) ot- ( o - t o l y l ) N i t r o n v l n i t r o x i d e :
1. E .S .R . : The E .S .R . s p e c t ra  of o-oTNN a re  q u i t e  s im i la r  to  those
o f <y-<$NN. The R.T. s o lu t io n  spectrum  in  e th a n o l  (g  = 2.0064) i s  
shown in  F ig u re  3 .2 3 .  F ive  p r i n c i p a l  s p l i t t i n g s  a r e  observed which 
have |a j j | .=  7 .6  g a u s s .  The p resen ce  o f sm a lle r  h y p e r f in e  s p l i t t i n g s  
a re  in d ic a te d  by p o o r ly  r e so lv e d  s h o u ld e rs .  Improved r e s o lu t io n  
could n o t , , however, be o b ta in ed  i n  th e  most d i l u t e  s o lu t io n s .  Based 
on the  e x p e r im e n ta l  d a ta ,  the  n i t ro g e n s  a re  m a g n e t ic a l ly  e q u iv a le n t .
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FIGURE 3 .2 3 .  E .S .R . spectrum  o f  Qf-oTNN in  e th an o l  a t  R .T . .
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A high  g a in  R.T. E .S .R . spec trum  in  benzene (F igu re  3.24)
1 Q
r e v e a l s  a C s p l i t t i n g ,  | a ^ i 3 1 = 12 .1  g au ss ,  as  was observed fo r
a-4NN. The p resence  o f a sh o u ld e r  on th e  p r in c ip a l  resonance  i s
more c l e a r l y  re so lv ed  f o r  a-oTNN th a n  f o r  jiNN; 1 i s  e s tim a ted
to  be 6 .2  ± .3  g au ss .  There i s  a sh o u ld e r  a t  th e  h ig h  f i e l d  s id e
o f th e  J a g u l  = 12.1 gauss re so n a n c e .  A resonance  w i th  such an
i n t e n s i t y  would be n o n - re c o n c i la b le  w i th  known i s o t o p i c  abundances.
From th e  c o l l e c t i v e  d a ta  (Table  3 .1 5 ) ,  i t  may be concluded
14 13t h a t  ..the i s o t r o p i c  s p l i t t i n g s  o f  N and C a r e  e s s e n t i a l l y  the 
same i n  a-MNN, a-t^NN and ctf-oTNN.
E.S .R . s p e c t ra  o f sm all diamond shaped c r y s t a l s  o f of-oTNN 
showed l i t t l e  a n iso t ro p y  and a powder sample had AĤ  = 13 .5  g auss .  
These r e s u l t s  a re  a lm ost i d e n t i c a l  t o  those  observed  f o r  a-i^NN.
The 77°K r i g i d  g l a s s  E .S .R . d o u b le t  spectrum  (F igu re  3.25) 
i s  n o n -d is t in g u is h a b le  from th a t  o f  cfci&IN.Thus, th e  s im i l a r i t y ;  of 
th e  i s o t r o p i c  s p l i t t i n g s ,  the  av e rag e  g v a lu e s ,  and th e  r i g i d  g la s s  
s p e c t r a  give adquate  proojf o f  th e  s i m i l a r  n a tu re  o f  th e  unpaired  
e l e c t r o n  d i s t r i b u t i o n  in  th e  ground s t a t e  o f  a-MNN, o'-rffofN and 
a-oTNN.
A " h a l f - f i e l d "  t r i p l e t  re sonance  (F ig u re  3 .26 )  was
a l s o  observed in  the  77°K r i g i d  g l a s s  as  i t  was f o r  a-MNN and
3 -1<K-i4NN. D* was c a lc u la te d  to  be 1.01x10 gauss ( .0 9 4 5  cm ) .  The
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FIGURE 3 .2 5 .  E.S.R. sp ec tru m  ( d o u b le t  re g io n )  o f  a-oTNN 
i n  e thano l a t  77°K.
TABLE 3 .15
COLLECTED VALUES OF THE C13 AND N14 ISOTROPIC HYPEKFINE
SPLITTINGS* OH THE g-NITRONYLNITROXIDES
s H si! Bi!
ck- mnn 6 12 7 .4
Of-rfNN 12 .0 7 .5
a-oTNN ■ 6 . 2i» 3 12.1 7 .3
+
u n i t s  o f gauss




FIGURE 3 .2 6 .  E .S .R . spectrum  ( h a l f - f i e l d  re g io n )  o f  a-oTNN i n  e th an o l  a t  77°K.
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The e f f e c t s  o f  s o lv e n t  on the  h y p e r f in e  s p l i t t i n g s  and 
th e  g v a lu e s  (T ab le  3 .16) fo llo w  th e  t r e n d s  o f  a-MNN and a-<}NN. 
E f f e c t iv e  n i t r o g e n  s p l i t t i n g  c o n s ta n ts  and g v a lu e s  o f  a-MNN, 
a-»4NN and a-oTNN a r e  compiled in  Table  3 .1 7 .  The change in  
s p l i t t i n g  c o n s ta n t  w i th  s o lv e n t  fo llo w s  th e  same tre n d  f o r  a l l  o f  
th e  d o u b le t  compounds and in c r e a s e s  w i th  in c r e a s in g  s o lv e n t  p o l a r i t y .
The g v a lu e s  seem l e s s  s u b je c t  t o  change ex cep t under the 
extreme c o n d i t io n  o f p ro to n a t io n - - a n d  th e  anom alously l a r g e  v a lu e s  
f o r  benzene s o lv e n t .  The b u lk  m agnetic  s u s c e p t i b i l i t y  o f  th e  s o lv e n ts  
a r e  n o t  im p o r ta n t  to  th e  g v a lu e  and can be n e g le c te d .  T h is  i s  
e a s i l y  seen  by u s in g  the  r e l a t i o n
“ e f f  = '  ¥  V > M
which g iv e s  t h e  e f f e c t i v e  " lo c a l  m agnetic  f i e l d "  experienced  by 
m olecu les  i n  a  c y l i n d r i c a l  sample, i s  t h e  volume d iam agnetic  
s u s c e p t i b i l i t y .  Some v a lu e s  o f -y f o r  s o lv e n ts  t h a t  were used a re  
shown in  T ab le  3 .1 8 .  The change w i l l  be in  the  6t h  s i g n i f i c a n t  
f ig u r e  o f  th e  m agnetic  f i e l d .  Thus., the  change in  th e  g va lue  i s
i
undoub ted ly  due t o  in te rm o le c u la r  i n t e r a c t i o n s .
S ince  m o st-o f  th e  E .S .R . e x p e r im e n ta l  d a ta  on of-ni.tronyl- 
n i t r o x i d e  d o u b le t s  has been rev iew ed , an assignm ent o f  th e  n a tu re  of 
th e  ground s t a t e  "un p a ired  M.O;" jsh a l l  be und er tak en .
,r
23 C a r r in g to n  and McLdchlan, " In t r o d u c t io n  o f  Magnetic 




MEASUREMENTS AND EFFECTIVE VALUES OF THE HYPERFINE SPLITTING
CONSTANTS OF a-oTNN IN SOLUTIONS OF ETHANOL AND BENZENE
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98 .1± . 1
97 .5± .01




97 .0  
96.9  
96.6
9 6 .9±. 1
A r b i t r a r y  u n i t s .
Conversion f a c t o r  o f  .0750 g a u s s / u n i t .
TABLE 3.17
COMPILATION OF NITROGEN EFFECTIVE HYPERFINE SPLITTINGS AND THE g-VALUES 
OF THE tt-NITRPNYLNITROXIDES IN VARIOUS SOLVENTS
crMNN o~^NN a ~oTNN
S olven t j a j  g |a N] g |aN| g
 ____________________________________________
E thano l 7 .66± .01  2.0064 7 .62± .03  2.0065 7.57 ± .02 2.0064
Benzene 7 .44±.01 2.0070 7 .47± .02  2.0075 7 .31±.01  2.0075
A c e t o n i t r i l e  7 .60± .02  2.0063 . . .




TABLE 3 .1 8
VOLUME DIAMAGNETIC SUSCEPTIBILITIES OF SOME SOLVENTS
S olven t 
A c e t o n i t r i l e  
Benzene 








24. "Handbook o f  Chem istry  and P h y s ic s ,  46th  E d i t io n " ,  Chemical 
Rubber P u b l i s h in g  Company, C lev e lan d , Ohio, p .E109.
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One might expect th e  unpa ired  e l e c t r o n  to  be In  a  tt type 
o r b i t a l  s in c e  tt o r b i t a l s  a re  u n d oub ted ly  im portan t to  th e  b r id g in g  
o f  th e  N-0 groups a c ro ss  t h e  a d jo in in g  or-carbon atom. The s iz e  
o f  th e  observed h y p e r f in e  s p l i t t i n g s  s u g g e s ts  t h a t ,  in d eed ,  the  
u n p a ire d  e l e c t r o n  i s  i n  a tt ty p e  o r b i t a l .  A d d i t io n a l ly ,  th e  i s o t r o p i c  
h y p e r f in e  s p l i t t i n g s  a re  about o n e - h a l f  o f  th o se  observed  f o r  sim ple
n i t r o x i d e s  i n  which the  un p a ired  e l e c t r o n  i s  known to  occupy a
25
tt o r b i t a l .  N i t ro x id e s ,  as  do th e  a - n i t r o n y l n i t r o x i d e s ,  e x h ib i t  
a  l a r g e  a n iso t ro p y  in  r i g i d  g l a s s e s ,  and th e y  have a r a t h e r  h igh  
unp a ired  e l e c t r o n  sp in  d e n s i ty  on n i t r o g e n .
I f ,  by h y p o th e s is ,  th e  u n p a ire d  e l e c t r o n  i s  p r i n c i p a l l y  
a s s o c ia te d  w i th  a tt o r b i t a l  hav in g  a  s i g n i f i c a n t  s p in  d e n s i ty  on 
t h e  n i t r o g e n s ,  then:
1 . The n i t ro g e n  h y p e r f in e  s p l i t t i n g s  should be q u i t e  
a n i s o t r o p i c .
2 . The h y p e rf in e  t e n s o r  components o f  th e  n i t r o g e n  atoms 
should  be l a r g e s t  in  th e  tt d i r e c t i o n .  These s p l i t t i n g s  should be 
observed  when the  s t a t i c  m agnetic  f i e l d  i s  a long  th e  tt a x i s .  T h is  
assumes t h a t  bo th  the i s o t r o p i c  and a n i s o t r o p i c  c o n t r ib u t io n s  a r e  
p o s i t i v e .  Indeed , th eo ry  a l s o  p r e d i c t s  t h a t  th ey  a r e  p o s i t i v e  f o r  
l a r g e  pN*
3. The g te n s o r  component shou ld  be th e  s m a l l e s t  in  th e  
tt d i r e c t i o n .
25R. B r ie r e ,  H. Lemaire and A. R a s s a t ,  B u l l .  Soc. chim. 
F r a n c e . 3273 (1965).
• i
i t )  ' ;1 .
: ; i i
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4. The r i g i d  g la s s  spectrum  should  show s p l i t t i n g  to  the
high  f i e l d  s id e  o f th e  normal R.T. spdctrum .
Item  4 fo llo w s  from item s 2 and 3; on ly  1 and 4 can a c t u a l l y
be checked from r i g i d - g l a s s  s p e c t r a .  A b r i e f  d i s c u s s io n  o f  th e
re a so n in g  which le a d s  to  the  afo rem entioned  p r e d i c t i o n s  s h a l l  be
g iven  i n  th e  fo llo w in g  p a rag rap h s .
The expected  a n iso t ro p y  o f  th e  h y p e r f in e  s p l i t t i n g s  may be
unders tood  by examining a h y p o th e t ic a l  atom i n  which the  unpa ired
e l e c t r o n  occu p ies  a p o r b i t a l  (F ig u re  3 .2 7 ) .  The d ia g o n a l  d ip o la r
26te n s o r  e lem en ts—t 7 , t 7 and t 7- -a re  e a s i l y  found to  be :x x ’ yy zz
fcxx 5SSN BBN  ̂ 3^ r
t z z  = t yy = "588N BBN  51yy
in  which r  i s  the d is tan c e  between the unpaired e le c t r o n  and the
* 3nu c leus . Because of the r  dependence of t 7 , c o n tr ib u t io n s  toee
t 7 decrease  very  ra p id ly  as r  in c re a s e s .  Thus, only  sp in  d e n s i t i e s  
ee
which a re  near thej:nucleus a re  the p r in c ip a l  c o n tr ib u to r s  to  t 7 .6 6
For m olecules, good agreement w ith  experiment i s  obtained 
by n e g le c t in g  charge d i s t r ib u t io n  fu r th e r  than  a bond.'lepgth a p a r t .
I f  th e  sp in  d e n s i ty  on an atomic c en te r  i s  r e l a t i v e l y  l a r g e ,  sp in  
d e n s i t i e s  on neighboring atoms may be neg lec ted  w ithou t se r io u s  e r r o r . 27
26C arr in g to n -an d  McLachlin. op. c i t . .  p .111 .
27J .R .  Morton), op. c i t .
11*0
FIGURE 3.27 . P o r b i t a l  and i t s  coo rd ina te  system.
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Hence, a large tt o r b ita l population  on n itrogen  should lead to  
rather la rg e  a n iso trop y . I t  a lso  fo llo w s th a t i f  the is o tr o p ic  
s p l i t t in g  i s  p o s i t iv e ,  the hyperfine s p l i t t in g  component in  the  
TT d ir e c t io n  should be the la r g e s t  in  magnitude.
The g t e n s o r  component i n  the  tt d i r e c t i o n  should be 
sm a lle r  than  the  e lem ents  in  the  y and z d i r e c t i o n .  T his  may be 
a s c e r t a in e d  by examining eq u a t io n  2. The a tom ic a n g u la r  momentum 
o p e ra to r s  a c t in g  on t h e 'P x , P^ and Pz A .O . 's  a re  summarized as  
fo llo w s :
1 p = 0 L P = iP L P = - iP
X X X
A
y z X z
A
y
1 p = - iP L •x) 11 o l  p :. = : iP





■ p = iP L P =  - iP L P = 0z X y z y x z z
I t  may be seen  t h a t  L = 0  when ¥ i s  a tt  M.O. i n  th e  x d i r e c t i o n  J xk o o
of a C a r te s ia n  c o o rd in a te  system . I t  fo llo w s  t h a t  g i s  eq u a l  toXX
gg and t h a t  g^x i s  eq u a l  to  z e ro ;  hence th e  x a x is  i s  a p r i n c i p a l  
a x i s  o f  th e  g t e n s o r .  I t  has a l r e a d y  been e x p e r im e n ta l ly  v e r i f i e d  
t h a t  one component of g could be as  low as  2 .004  and t h a t  th e  o th e r  
components a re  l a r g e r  (see  a-MNN, E .S .R . ,  t h i s  c h a p te r ) .  S ince
®xx
and g £ g ( e .  ^  x ) ,  H should be a maximum when the  s t a t i c  
xx ®i®i
m agnetic  f i e l d  i s  i n  th e  x ( tt)  a x i s  of the  m o lecu le .
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The h y p e r f in e  t e n s o r s  o f  b o th  n i t ro g e n  atoms should each 
have a p r i n c i p a l  a x i s  in  th e  x d i r e c t i o n  ( th e  l a r g e s t  e lem en t,  a t  
t h a t ) .  S ince  g i s  a minimum, th e  r i g i d  g la s s  spectrum  shouldXX
show r a t h e r  l a r g e  o b se rv ab le  s p l i t t i n g s  to  th e  h igh  f i e l d  s id e  o f 
t h e  E .S .R . spectrum . The r i g i d  g la s s  spectrum  i s  a s u p e rp o s i t io n  o f  
s p e c t r a  o f  many o r i e n t a t i o n s ,  and the  y and z p r in c ip a l  axes 
re so n a n c e s  should be more t o  th e  low f i e l d  s id e  of the  spectrum .
The E .S .R . s p e c t r a  o f a-j5NN in  e th a n o l  was measured as 
a f u n c t io n  o f  tem p era tu re  t o  fo llo w  th e  s p e c t r a  th rough  th e  changes 
from  a random s o lu t i o n ,  th rough  a v is c o u s  s o lu t io n ,  and f i n a l l y  to  
a r i g i d  g l a s s .  S p e c tra  a t  -90°C, -105°C, -120°C, -145°C and -155°C 
a r e  shown in  F ig u re s  3 .2 8 ,  3 .29 and 3 .3 0 .  At -90°C, the  h ig h
f i e l d  h y p e r f in e  l i n e  began to  lo se  h e ig h t  and broaden as  th e
m o lecu la r  tum bling  r a t e  d e c re a se d .  S ince e th a n o l  forms a g la s s  
n e a r  -120°C, th e  E .S .R . s p e c t r a  may be e f f e c t i v e l y  fo llow ed th rough  
th e  e th a n o l  phase t r a n s i t i o n .  The two h ig h  f i e l d  l i n e s  which emerge a t  
th e  h ig h  f i e l d  s id e  o f th e  spectrum  (F ig u re  3 .30) a re  i n t e r p r e t e d  to  
be two members of th e  s e t  o f  l i n e s  a s s o c ia te d  w ith  the  la rg e  
h y p e r f in e  s p l i t t i n g ,  t ^ .  T h e ir  peak to  peak d is ta n c e  i s  18 g a u ss .  
T hree  more l i n e s  a t  lower f i e l d  increm en ts  of 18 gauss were c o n s tru c te d  
and superim posed on F ig u re  3 .3 0 .  As can be seen in  F ig u re  3 .3 0 ,  the
c o n s t r u c te d  low f i e l d  l i n e  c o in c id e s  w i th  th e  low est f i e l d  resonance






FIGURE 3*28. E .S .R . sp ec tru m  o f  cv-^NN in  e th a n o l  
a t  -90°C.
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FIGURE 3 .2 9 .  E .S .R . s p e c t r a  o f  a-^NN in  e th an o l a t  -105 , 






FIGURE 3»50« E .S .R . spectrum o f  Of-jiNN in  ethanol a t -155°C.
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a r e  no t q u i t e  c o r r e c t ,  s in c e  the h igh  f i e l d  re so n a n c e s  a r e  broad
and no t so w e l l  r e s o lv e d .  Such an e f f e c t  i s  a l s o  observed  i n  the
28ex p e r im e n ta l  and s im u la ted  sp e c tra  o f  n i t r o x i d e s .  I t  should be 
no ted  th a t  th e  c e n te r  of th e  c o n s tru c te d  "x component" specturm  i s ,  
in d e e d ,  removed to  the  h ig h  f i e ld  s id e  o f th e  spec tru m . The bulk  
o f  th e  resonance  i s  to  th e  low f i e l d  s id e  o f  th e  c e n te r  l i n e .  The 
"g  v a lu e s "  f o r  d i f f e r e n t  p o s i t io n s  were not m easured as  a  good 
r e f e r e n c e  compound f o r  th e se  tem p era tu res  was no t a v a i l a b l e .
Using t  = 18 gauss and the  i s o t r o p i c  s p l i t t i n g  c o n s ta n t
' XX
o f  7 .6  gauss in  e th a n o l  a t  room te m p e ra tu re ,  t ; i s  e s t im a te d  to  be
XX
1 0 .4  gauss s in c e
t  = t ' + a
XX XX
The t ' may be r e l a t e d  to  an u n p a ire d  e l e c t r o n  p o p u la t io n
XX
i n  th e  n i t ro g e n  tt o r b i t a l  by comparing t '  w i th  t '  , th e  maximum
XX XX  max
v a lu e  of t '  f o r  t o t a l  occupa tion  of a n i t r o g e n  tt o r b i t a l .  U t i l i z i n g
XX
29Roothaan S .C .F . a tom ic w avefunctions f o r  a "p" o r b i t a l  o f  n i t ro g e n  
( - S ) , ( ^ g )  was c a lc u la te d  to  be 3.099 a . u .  Changing t o  e . g . s .  u n i t s  
and s u b s t i t u t i n g  in to  equa tions  6 and 51, t '  i s  ap p ro x im a te lyXXmax
O Q  ■ '
M.S. I tz k o w i tz ,  J .  Chem. P h y s . . 4 6, 3028 (1967).
29E. C lem enti, C .C .J . Roothaan and M. Yoshimine, Phys. 
R e v . . 127, 1618 (1962).
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e q u a l  t o  3 4 .2  g a u s s .  D iv id in g  10 .4  by 3 4 .2  g iv es  0 .30  fo r  th e  
s p in  p o p u la t io n  in  each n i t ro g e n  2P o r b i t a l .  T h is  comparison c£
30p op u la tio n  approach has found wide acceptance fo r  orien ted  m olecu les.
As a f u r t h e r  check of th e  v a lu e  o f .30  f o r  the  rr o r b i t a l  p o p u la t io n s  o f
n i t r o g e n ,  we s h a l l  u t i l i z e  a sem im p ir ica l  method. I t  i s  found t h a t  
31aN p=i Qjy Pn > in  which QN i s  an experim ental constant and p  ̂ i s  the
TT m olecu lar o r b ita l  sp in  d e n s ity  in  the n itrogen  tt o r b ita l .  has
been found to  be about 25 gauss in  system s made up of n i t ro g e n ,
ca rb o n  and hydrogen. The use of t h i s  one p a ram ete r  eq u a t io n  s h a l l
31be j u s t i f i e d  l a t e r .  Using |a  | = 7 .6  gauss and = 25 gauss , p
i s  c a l c u l a t e d  to  be .30  e l e c t r o n s —e x a c t l y  the  v a lu e  ob ta ined  from
th e  r i g i d  g l a s s  s p e c t r a .  Such agreem ent o f  two independent methods
le n d s  su p p o r t  to  our a rgum ents .
I f  th e  a n a l y s i s  o f th e  h y p e r f in e  te n s o r  elem ents  i s  a p p l ie d
t o  t h e  e x p e r im e n ta l  r e s u l t s  of G r i f f i t h ,  McConnel and C o rn e l l  fo r
32t - b u t y l  n i t r o x i d e  , i t  i s  e s t im a te d  t h a t  th e  e l e c t r o n  spends ~50% 
o f  i t s  tim e i n  th e  n i t r o g e n  2P ( tt) o r b i t a l .  By way o f  comparison,X
th e  u n p a ire d  e l e c t r o n  spends a s l i g h t l y  g r e a t e r  p o r t io n  of i t s  
t im e  on th e  two n i t ro g e n s  i n  th e  a - n i t r o n y l n i t r o x i d e s  th an  on th e  
one n i t r o g e n  i n  the  s im ple n i t r o x i d e s .
■^aJ .R .  Morton, op. c i t .
30bH. McConnell, C. H e l l e r ,  T. Cole and R. Fessenden,
J .  Am. Chem. S o c . . 82, 766 (1960).
31C a r r in g to n  and McLachlin, op. c i t . . p . 94.
32, ,  O.H. G r i f f i t h ,  P.W. C o rn e l l ,  and H.M. McConnell. J .  Chem. 
P h y s . . 43 . 2909 (1965).
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The s p l i t t i n g s  on th e  n i t ro g e n s  may be accounted  f o r  by 
an exchange mechanism w hich mixes tt and a  o r b i t a l s .  E qua tion  52 i s  
an e x p re s s io n  t h a t  may be used to  r e l a t e  the  tt unpaired  s p in  p o p u la t io n  
t o  the  i s o t r o p i c  s p l i t t i n g  c o n s ta n t s .
aN = ^QNPN + Q0 P0 + ' QC jPC1 +  52
Here, a re  s ig m a -p i  p a ram e te rs  which a r e  p r o p o r t io n a l  to  th e  e x te n t
o f  s igm a-p i m ix ing . The r e p r e s e n t  th e  unpa ired  e l e c t r o n  p i
m o lecu la r  o r b i t a l  s p in  d e n s i t i e s  on atoms a d ja c e n t  to  th e  n i t r o g e n .
In  th e  case  when p j j . »  (£ 4- N), e q u a t io n  51 s im p l i f i e s  to  the
p re v io u s ly  used e x p r e s s io n ,  a^  = QjjPjj*
The cx-methyl hydrogen h y p e r f in e  s p l i t t i n g s  i n  cx-MNN
( l a „ |  = 3 .2  gauss i n  e th a n o l )  may be accoun ted  f o r  by a tt M.O. model 1 H 1
which in c lu d e s  h y p e rc o n ju g a t io n  o f  th e  m ethyl hydrogens. I f  group 
o r b i t a l s  c o n s i s t i n g  o f l i n e a r  com binations  o f  the  hydrogen I s  
o r b i t a l s  a re  used f o r  th e  m ethyl hydrogens,  and th e  cx-methyl carbon  
i s  co n s id e red  as  b e in g  sp h y b r id iz e d ,  th e n  th e  m ethyl group c o n ta in s  
p i  c h a r a c te r  o f  th e  c o r r e c t  symmetry t o  o v e r la p  w ith  th e  p i  o r b i t a l s  
o f  th e  r i n g .  Thus, a p i  mechanism o f  o v e r la p  i s  e s t a b l i s h e d  between 
th e  m ethyl hydrogens and th e  p ( p i )  o r b i t a l  o f  th e  cx-carbon i n  th eK
r i n g . . Comparison o f th e  magnitude o f  th e  . cx-methyl hydrogen s p l i t t i n g
34c o n s ta n ts  w i th  th o se  o f  s u b s t i t u t e d  benzenes le a d s  to  an e s t im a te d
33 ' 'B. B a r to n  and G. F ra e n k e l ,  Chem. P hys . . 41, 1455
(1 9 6 4 ) .
34J .R .  B o lto n ,  A. C a r r in g to n ,  A. Forman and L .E . O rg e l ,
Mol. P h y s . . 5 , 43 (1 9 6 2 ).
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u n p a ired  s p in  d e n s i ty  of between .08 and .16 e l e c t r o n s  on th e  
a -c a rb o n  atom i n  th e  r i n g .  I n  l i k e  manner th e  s p in  d e n s i t i e s  a t  
th e  o th e r  two r in g  carbons a r e  e s t im a te d  to  be .01  from th e  sm all 
( . 2  gauss)  hydrogen s p l i t t i n g s  o f  th e  4 e q u iv a le n t  m ethyl g roups.
S ince th e  sum of th e  s p in  d e n s i t i e s  must add to  u n i ty ,  th e  oxygen 
s p in  d e n s i ty  on each  oxygen P o r b i t a l  must be between .15 and .11
X
u n p a ired  e l e c t r o n s .  Based on th e  r e l a t i v e l y  la r g e  s p in  d e n s i ty  a t
13th e  a -c a rb o n  atom, i t  i s  assumed t h a t  th e  p r e v io u s ly  unass igned  C 
h y p e r f in e  s p l i t t i n g  o r i g i n a t e s  a t  th e  a -c a rb o n .
I t  must be a d m itte d  a t  l e a s t  one a s p e c t  o f  the  r i g i d  
g l a s s  spectrum  i s  n o t w e l l  u n d e rs to o d .  The d e r i v a t iv e  a s s o c ia te d  
w i t h  peak 2 o f F ig u re  3 .3 0  ap p e a rs  to  beai.narrowed re so n an ce  s ig n a l .  
A lthough such a re sonance  i s  expec ted  to  o ccu r  to  th e  low f i e l d  s id e  
o f th e  c e n te r  l i n e  o f th e  "x a x i s "  spec trum , th e  e x te n t  o f  the .  s h i f t  
i s  o v e r ly . . la rg e .  Such a d i f f e r e n c e  o f  p o s i t i o n  i n d i c a t e s  a d i f f e r e n c e  
o f  g v a lu e  o f .016 between th e  maximum and minimum g v a lu e s .  T h is  
i s  about tw ice  th e  v a r i a n c e  a n t i c i p a t e d  on th e  b a s i s  o f  th e  s in g le  
c r y s t a l  spectrum  o f  o-MNN. A lthough t h i s  d is c re p a n c y  i s  no t 
u n d e rs to o d ,  the .  c o n s is te n c y  o f th e  n i t r o g e n  s p in  d e n s i ty  v a lu e s  
o b ta in e d  by two approaches  arid' th e  s i m i l a r i t y  o f  th e  i s o t r o p i c  
s p l i t t i n g s  w ith  th o se  o f  n i t r o x i d e s  le a d  us t o  b e l i e v e  t h a t  our 
a n a l y s i s  i s  c o r r e c t .
2 . E l e c t r o n ic  S p e c t r a ; The a b s o rp t io n  spec trum  of a-oTNN i n  n-hexane 
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FIGURE 3*3l* R.T. e l e c t r o n ic  s p e c t r a  o f  a-oTNN i n  e th an o l  and in  n-hexane s o lu t io n .  0
l i s t e d  i n  Table  3 .1 9 .  The p resen ce  of th r e e  d i s t i n c t  e l e c t r o n i c  
t r a n s i t i o n s  w i th  i n t e n s i t y  maxima a t  17 ,290 , 28,260 and 38,730 cm  ̂
a r e  c l e a r l y  i n d i c a t e d .  There i s  an  a b s o rp t io n  which i s  r i s i n g  in  
i n t e n s i t y  a t  the  l i m i t  o f  th e  o b se rv ab le  r e g io n :  2,050X. The
t r a n s i t i o n s  a r e  devo id  o f v i b r a t i o n a l  s t r u c t u r e ;  t h i s  i s  in  sharp  
c o n t r a s t  t o  th e  w e l l  r e so lv e d  spectrum  o f  The s i m i l a r i t y  of
th e  two compounds, a-^NN and o-oTNN i s  such t h a t  d i f f e r e n c e s  in  the 
e l e c t r o n i c  spectrum  should depend upon th e  r e l a t i v e  a n g le s  o f  the  
pheny l and n i t r o n y l n i t r o x i d e  r i n g s .  The p resence  o f  the  methyl 
group in  th e  o r th o  p o s i t i o n  i n  a-oTNN in s u r e s  t h a t  th e  r i n g  system  
i s  n o t  p l a n a r .  The p o s s i b i l i t y  o f  p l a n a r i t y  i s  not excluded  f o r  
a-jSNN.. . Thus, th e  la c k  o f  v i b r a t i o n a l  s t r u c t u r e  in  th e  room 
te m p e ra tu re  e l e c t r o n i c  a b s o rp t io n  spectrum  im p lie s  t h a t  e i t h e r  KT 
i s  l a r g e  compared to  th e  spac in g  between t o r s i o n a l  o s c i l l a t i o n  
l e v e l s  o r  t h a t  th e  s o lv e n t  p la y s  an im p o rtan t  and complex r o le  in  the 
e x c i te d  s t a t e  v i b r a t i o n s .  Since th e  l a t t e r  was not observed  in  the 
case  o f a-J&NN, th e  la c k  o f s t r u c t u r e  i n  th e  cv-oTNN spectrum  i s  
a t t r i b u t e d  t o  low freq u en cy  t o r t i o n a l  o s c i l l a t i o n s .
Band I  co rre sp o n d s  to  band I  o f  ctf-MNN and a-^NN. The 
maximum o f  band I  i n  a-oTNN,is b l u e - s h i f t e d  1 ,670 cm ^ w i th  r e s p e c t  
t o  th e  most in t e n s e  v i b r a t i o n a l  maxima i n  a - <5NN ( s o lv e n t  i s  n-hexane 
in  b o th  c a s e s ) .  The maximum i s  r e d - s h i f t e d  only  250 cm  ̂ r e l a t i v e  to  










TABLE 3 .1 9
ENERGIES AND EXTINCTION COEFFICIENTS OF o>-oTNN 
IN SOLUTIONS OF ETHANOL AND BENZENE
n-Hexane
cm ^ g(l/m .cm )xlO  ^
17,310 .699
28 ,290  10 .5
38 ,640 8 .2
E th an o l
18 ,030 1 .03
29,860 8 .8
41 ,410  6 .6
153
Band I I  co rresponds to  band I I  in  o/-(bNN and ctf-MNN. The 
maximum o f  th e  band i s  b lu e - s h i f t e d ,  7 3 0 .cm ^ r e l a t i v e  to  the  0-0  
band o f  a-^NN and i t  i s  r e d - s h i f t e d  1 ,930  cm r e l a t i v e  to  th e  0-0  
band o f  a-MNN.
Band I I  s tan d s  a lone  and does not show o v e r la p p in g  
t r a n s i t i o n s  as  does a b s o rp t io n  re g io n  I I I  i n  a-^NN. Region I I I  
i n  a-oTNN i s  much s im p le r  th an  in  a-oNN and more l i k e  t h a t  o f  
s u b s t i t u t e d  benzenes . The s im p l i c i t y  o f  th e  r e g io n  su g g e s ts  t h a t  
th e r e  i s  l e s s  i n t e r a c t i o n  between th e  chromophores in  a-oTNN th a n  in  
a-i&NN. T h is  s im p l i c i t y  and th e  b l u e - s h i f t  o f  th e  e l e c t r o n i c  
t r a n s i t i o n s  i n  a-oTNN r e l a t i v e  to  a-^NN confirm s t h a t  th e  ang le  between 
th e  r in g  chromophores i s  im portan t to  the  a b s o r p t io n  spectrum . The 
an g u la r  dependence o f  the  e le c t r o n ic  e x c i t a t i o n  ( i . e . ,  cv-^NN and oroTNN) 
e n e rg ie s  i s  f u r t h e r  evidence f o r  the  e x i s t e n c e  o f  it c h a r a c t e r  i n  the  
n i t r o n y l n i t r o x i d e  chromophare.
The R.T. e l e c t r o n i c  a b s o rp t io n  sp ec tru m  o f  a-oTNN in  
e th a n o l  i s  shown in  F ig u re  3 .31  and th e  maxima and t h e i r  i n t e n s i t i e s  
a r e  l i s t e d  i n  Table 3 .18 . The spectrum  i s  e s s e n t i a l l y  th e  same as 
i n  n -hexane—e x c e p t  t h a t  th e  a b s o rp t io n  maxima a r e  b l u e - s h i f t e d .
The a b s o rp t io n  o f  band I  was measured i n  PMP and EPA 
a t  77°K to  de term ine  i f  lower te m p e ra tu re s  would le a d  to  b e t t e r  
r e so lv e d  s p e c t r a .  The R.T. and 77°K s p e c t r a  in  PMP and EPA a r e  shown 
in  F ig u re  3 .3 2 .  The e n e rg ie s  o f  a b s o rp t io n  maxima a re  shown in  
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FIGURE 3 .3 2 .  A bsorp tion  s p e c t r a  o f  band I  o f  a-oTNN i n  E .P .A . 
and P.M.P. a t  R.T. and 77°K.
TABLE 3 .20
ABSORPTION ENERGIES OF BAND I  OF ff-oTNN IN E .P .A . AND P.M.P











5800 17,240 5645 17,710
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a t t r i b u t e d  to  the  s m a lle r  number of t o r t i o n a l  energy  l e v e l s  a c c e s s i b l e  
a t  77°K. The more narrow d i s t r i b u t i o n  o f  energy l e v e l s  in  the 
ground s t a t e  e l im in a te s  many of th e  v i b r a t i o n a l  sequences t h a t  a r i s e  
upon e x c i t a t i o n .  I t  i s  o f  i n t e r e s t  t h a t  th e re  i s  no e x t r a o r d in a r ly  
la r g e  b l u e - s h i f t  i n  PMP r e l a t i v e  to  EPA i n  going from R.T. to  77°K.
T h is  i s  i n  c o n t r a s t  to  t h a t  observed  f o r  of-MNN.
(D) M.W.H. C a lc u la t io n  R e s u l t s :  A.M.W.H. c a l c u l a t i o n  has been
c a r r i e d  ou t f o r  a m olecule  c lo s e ly  resem b lin g  a-MNN. The c a l c u l a t i o n
was ex ecu ted  by an I.B .M . 360 d i g i t a l  computer u s ing  a program
35o rg a n iz e d  by A.T. Armstrong . Only 55 b a s is  o r b i t a l s  may be used 
i n  th e  program because o f  computer s to r a g e  l i m i t a t i o n s .  Hence, th e  
4 m ethyl groups bonded t o  th e  two e q u iv a le n t  r in g  carbons were 
r e p la c e d  by hydrogens to  make th e  m olecule  amenable to  computer 
co m p u ta t io n .  The s e v e r i t y  of such an approx im ation  i s  d i f f i c u l t  to  
a s s e s s - - e s p e c i a l l y  when th e  molecule f o r  which th e  c a l c u l a t i o n  i s  
b e in g  perform ed has no t been s y n th e s iz e d .
The in p u t  d a ta  was based On th e  s t r u c t u r e  shown in  F ig u re  3 .3 3 .  
The m olecule  i s  assumed t o  be o f  symmetry. T h i r ty -n in e  b a s is  
f u n c t io n s  a re  in c lu d ed  i n  th e  c a l c u l a t i o n  which, in  tu r n ,  g e n e ra te s  
t h i r t y - n i n e  MO's f o r  th e  f o r t y - f i v e  e l e c t r o n s .
A.T. Arm strong, Ph.D. D i s s e r t a t i o n ,  L ou is iana  S ta te  
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FIGURE 5*55* S t r u c tu r e  o f  " th e  m olecu le"  used f o r  the  M.W.H. 
c a l c u l a t i o n .
1 5 8
3 6The e ig e n v a lu e s  and the  LoVdin M .O . 's  a re  shown in  
T able  3 .2 1 .  A ccording  to  the Aufbau P r in c i p l e  th e  unpa ired  e l e c t r o n  
i s  a s s o c ia te d  w i th  MO 23. M olecular o r b i t a l s  19, 20, 23 and 24 a r e  
p i  o r b i t a l s ,  w h i le  M .O . 's  16, 17, 18, 21, 22, 25 and 26 a re  sigma 
o r b i t a l s .  The f a c t  t h a t  th e  unpa ired  e l e c t r o n  i s  i n  tt o r b i t a l  i s  
i n  agreem ent w i th  ex p e r im en ta l  d a ta .  However, when the  m agnitudes of 
th e  M.O. c o e f f i c i e n t s  and th e  symmetry of th e  M.O. a re  examined, the 
agreem ent b reak s  down.
M olecular o r b i t a l  23 tra n s fo rm s  as  th e  r e p re s e n ta t io n  
w i th  r e s p e c t  to  th e  C2V symmetry o p e r a to r s .  Thus, a node i s  p re d ic te d  
i n  the  tt M.O. a t  th e  a  carbon . In  o rd e r  to  observe a l a r g e  h y p e r f in e  
s p l i t t i n g  due to  the  m ethyl hydrogens i n  a -m e th y ln i t r o n y ln i t ro x id e  
t h e r e  must be tt c h a r a c te r  between th e  m ethyl carbon and the  a  carbon. 
The co u p lin g  o f  th e  tt system  to  the  m ethyl hydrogens i s  completed 
v i a  goup o r b i t a l s  f o r  the  3 methyl hydorgens. U n fo r tu n a te ly ,  th e  
p r e d i c t i o n  o f z e ro  s p in  d e n s i ty  on a  ca rbon , p r e d i c t s  v a n is h in g ly  
sm a ll  h y p e r f in e  s p l i t t i n g s  from th e  t h r e e  m ethyl hydrogens which i s  
i n  c o n f l i c t  w i th  ex p er im en t.  The p e r t i n e n t  hydrogen group o r b i t a l s  
and th e  p o r b i t a l s  o f  the  methyl and a  carbons a l l  t ra n sfo rm  a sX
t h e  b^ r e p r e s e n t a t i o n .  Exam ination o f  th e  tt o r b i t a l s  shows t h a t ,  
in d e e d ,  f o r  a l l  b^ symmetry M .O . 's ,  "h y p e rc o n ju g a tio n "  a r i s e s
36P.P  LStodin, J .  Chem. P h v s . . 18, 365 (1950).
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TABLE 3.21
SOME EIGENVALUES AND EIGENFUNCTIONS FROM THE M.W.H. CALCULATION














E ig e n fu n c t io n s
B asis
F un c tio n M.O. 16 M.O.17 M.0.18 M.O. 19 M.O. 20 M.O. 21
S H 1 -0 .1412 0.0119 0.0000 - 0.0000 -0 .1500 0.0103
S H 2 -0.1417 0.0102 -0 .1 2 5 6 -0 .0309 0.0779 -0 .0 0 7 4
S H 3 -0.1412 0.0102 0.1256 0.0309 0.0779 -0 .0 0 7 4
S C 4 0.0715 -0 .0134 0.0000 - 0.0000 -0 .0049 0.0171
PX C 4 -0.0081 0.0017 0.0000 - 0.0000 -0 .1213 0.0536
PY C 4 0.0004 0.0000 0.1809 0.0676 - 0.0000 0.0000
PZ C 4 -0.5636 0.0181 0.0000 - 0.0000 -0 .0155 -0 .0487
S C 5 0.0965 0.0961 - 0.0000 - 0.0000 -0 .0085 -0 .0 6 7 4
PX C 5 -0.0048 0.0009 0.0000 0.0000 0.4338 -0 .0434
PY C 5 - 0.0001 - 0.0000 -0 .1992 -0 .0290 0.0000 0.0000
PZ C 5 0.4631 -0 .1435 0.0000 0.0000 0.0165 0.0872
s N 6 -0 .0902 -0 .0891 -0 .0173 0.0006 0.0002 0.0009
PX N 6 0.0028 -0 .0007 0.0361 -0 .3011 -0.0117 -0 .0135
PY N 6 -0 .0350 0.2821 0.3843 0.0525 -0 .0027 -0 .0168
PZ N 6 -0 .2452 -0 .0905 -0 .0 9 8 8 - 0.0022 -0 .0103 -0 .0609
S N 7 -0 .0902 -0 .0891 0.0173 -0 .0 0 0 6 0.0002 0.0009
PX N 7 0.0029 -0.0007 -0 .0361 0.3011 -0 .0117 -0 .0135
PY N 7 0.0351 -0 .2820 0.3843 0.0525 0.0027 0.0167
PZ N 7 -0 .2455 -0 .0905 0.0988 0.0022 -0 .0103 -0 .0608
S 0 8 0.0582 0.1204 0.1317 0.0173 -0 .0041 -0 .0075
PX 0 8 0.0053 - 0.0011 0.0413 -0 .3071 -0 .6096 0.0838
PY 0 8 -0 .2004 -0 .4354 -0 .4466 -0 .0538 0.0305 0.2287















Table 3 .2 1  (Continued)
B asis
F u n c t io n  M.O. 16 M.O. 17 M.O. 18 M.O. 19 M.O. 20 M.O. 21
s 0 9 0.0582 0.1203 -0.1317 -0 .0173 -0.0041 -0 .0075
PX 0 9 0.0053 -0 .0011 -0 .0413 0.3071 -0 .6096 0.0838
py 0 9 0.2006 0.4353 -0.4467 -0 .0538 -0 .0305 -0 .2286
PZ 0 9 -0 .0172 0.1214 -0.2112 -0 .0268 0.0833 0.6376
s c 10 0.0718 -0 .0432 0.0444 0.0052 0.0052 0.0342
PX c 10 -0 .0010 0.0003 -0.0543 0.3784 0.0010 0.0018
PY c 10 0.1540 -0 .3798 0.0111 0.0016 -0.0109 -0 .0749
PZ c 10 0.1942 0.0268 0.1308 0.0106 0.0168 0.1136
s c 11 0.0718 -0 .0432 -0 .0444 -0 .0052 0.0052 0.0342
PX c 11 -0 .0 0 1 0 0.0003 0.0534 -0 .3784 0.0010 0.0018
PY c 11 -0 .1540 0.3798 0.0110 0.0016 0.0109 0.0749
PZ c 11 0.1945 0.0268 -0.1308 -0 .0106 0.0168 0.1136
s H 12 -0 .0917 0.1084 -0.0556 0.2848 -0 .0186 0.0159
s H 13 -0 .0903 0.1080 0.0246 -0 .2833 0.0203 0.0043
s H 14 -0 .0918 0.1084 0.0556 -0 .2848 -0 .0186 0.0159
s H 15 -0 .0905 0.1080 -0.0246 0.2833 0.0203 0.0044
B asis  
F u n c tio n M.O. 22 M.O. 23 M.O. 24 M.O. 25 M.O. 26 M.O. 27
S H 1 - 0.0000 0.0000 0.1818 0.0000 -0 .1032 0.4103
s. H 2 -0 .0028 0.0015 -0 .0902 0.0852 -0 .0882 0.3478
S H 3 0.0028 -0 .0015 -0 .0902 -0 .0851 -0 .0883 0.3478
S C 4 0.0000 0.0000 -0 .0036 - 0.0000 0.0540 -0 .5111
PX C 4 - 0.0000 0.0000 0.0907 - 0.0000 0.0140 -0 .0554
PY C 4 0.0589 0.0076 0.0000 0.0646 0.0000 0.0000
PZ C 4 0.0000 - 0.0000 -0 .0009 - 0.0001 0 .2132- -0 .4189
S C 5 0.0000 - 0.0000 -0 .0005 0.0000 - 0.0220 -0 .0241
PX C 5 0.0000 - 0.0000 -0 .6565 0.0000 - 0.0021 0.0084
PY C 5 0.1629 - 0.0001 0.0000 0.1550 0.0001 0.0000
PZ C 5 - 0.0000 0.0000 -0 .0007 - 0.0000 0.1383 -0 .1225
S N 6 -0 .0 0 0 8 0.0004 -0 .0003 0.0492 -0 .0554 0.0381
PX N 6 0.0002 0.3468 0.4106 0.0017 0.0005 -0 .0096
PY N 6 -0 .0498 0.0010 - 0.0010 0.2624 -0 .0931 -0 .1 2 7 4
PZ N 6 -0 .0 8 7 5 0.0008 -0 .0005 -0 .1938 0.2810 0.0565
S N 7 0.0008 -0 .0 0 0 4 -0 .0003 -0 .0491 -0 .0 5 5 4 0.0381
PX N 7 - 0.0002 -0 .3468 0.4106 -0 .0017 0.0005 -0 .0096
PY N 7 -0 .0499 0.0010 0.0010 0.2624 0.0933 0.1275
PZ N 7 0.0875 -0 .0008 -0 .0005 0.1936 0.2811 0.0565
S 0 8 0 .0090 0.0002 0.0030 0.1545 -0 .0715 -0 .0947
PX 0 8 - 0.0000 -0 .5979 -0 .2775 0.0022 - 0.0020 0.0096
PY 0 8 0.2805 -0 .0003 0.0053 0.1844 -0 .0940 -0 .0996
PZ 0 8 0 .6210 - 0.0002 0.0156 - 0.0762 -0 .0162 0.0183
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Table 3 .21  (Continued)
B asis
F un c tio n M.O. 22 M.O. 23 M.O. 24 M.O. 25 M.O. 26 M.O. 27
S 0 9 -0 .0090 - 0.0002 0.0030 -0 .1545 - 0.0716 -0 .0947
PX 0 9 0.0000 0.5979 -0 .2 7 7 5 - 0.0022 - 0.0020 0.0096
PY 0 9 0.2806 -0 .0003 -0 .0053 0.1843 0.0941 0.0996
PZ 0 9 -0 .6212 0.0002 0.0156 0.0762 -0 .0162 0.0183
S c 10 0.0392 - 0.0001 0.0000 0.0522 -0 .0672 -0 .0580
PX c 10 - 0.0001 -0 .0705 - 0.0101 0.0003 -0 .0004 0.0491
PY c 10 -0 .0108 0.0002 -0 .0 0 0 4 0.4972 0.1126 0.0583
PZ c 10 0.0913 - 0,0002 0.0010 -0 .1977 0.4482 0.0720
S c 11 -0 .0392 0.0001 0.0000 -0 .0522 -0 .0672 -0 .0 5 8 0
PX c 11 0.0001 0.0705 - 0.0101 -0 .0003 -0 .0004 0.0491
PY c 11 -0 .0108 0.0002 0 .0004 0.4972 - 0.1122 -0 .0583
PZ c 11 -0 .0913 0.0002 0.0010 0.1974 0.4484 0.0720
S H 12 -0 .0138 -0 .0928 -0 .0 6 9 3 0.0921 0.2552 0.0280
S H 13 -0 .0137 0.0931 0.0702 0.0933 0.2543 0.1085
S H 14 0.0138 0.0928 -0 .0 6 9 3 -0 .0 9 2 3 0.2551 0.0280
S H 15 0.0044 0.0137 -0 .0931 0.0702 -0 .0935 0.2543
\
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n a t u r a l l y .  From experim ent and symmetry c o n s id e r a t i o n s ,  i t  i s  
concluded t h a t  th e  unpaired  e l e c t r o n  i s  a p i  o r b i t a l  o f  symmetry.
I t  fo llo w s  t h a t  th e  e l e c t r o n i c  ground s t a t e  has symmetry.
In  a d d i t i o n  to  being  o f th e  wrong symmetry, the  c a lc u l a t e d  
oxygen s p in  p o p u la t io n  i s  3 t im es  t h a t  o f  n i t r o g e n .  T h is  i s  an 
e x a c t  r e v e r s a l  o f  t h a t  o b ta in ed  from e x p e r im en t .  T h is  d isc re p a n c y  
m ight a r i s e  from n e g le c t  o f  e l e c t r o n  r e p u l s io n s  in  th e  h a m il to n ia n .
The e f f e c t s  o f  th e  n e g le c t  o f  e l e c t r o n  r e p u l s io n  i s  a p p a re n t  f o r  the  
c a l c u l a t i o n  o f  e ig e n v a lu e s  o f a ro m a tic  hydrocarbons i n  t h i s  "extended 
Huckel" te c h n iq u e .  In  o rd e r  t o  a c h iev e  agreem ent between the  
e x p e r im e n ta l  and c a lc u la te d  i o n i z a t i o n  p o t e n t i a l s ,  i t  i s  n e c e s sa ry  
t o  m u l t ip ly  th e  V . S . I . P . ' s  o f  p i  e l e c t r o n s  by a c o r r e c t i o n  f a c t o r  
o f  . 8 . The .8  i s  e f f e c t i v e l y  a s c re e n in g  c o n s ta n t  f o r  th e  tt e l e c t r o n s .  
As a r e s u l t ,  th e  p i  o r b i t a l s  a re  r a i s e d  in  energy  r e l a t i v e  t o  the  
a  e l e c t r o n s .  The c o e f f i c i e n t s  and th e  r e l a t i v e  e n e r g ie s  o f th e  p i  
o r b i t a l s  a re  m a in ta in ed .  In  a ro m a tic  h y d ro ca rb o n s ,  th e  " sc re e n in g  
f a c t o r "  works r a t h e r  w e l l  a s  th e r e  i s  g e n e r a l l y  no t a la r g e  charge 
b u i ld -u p  on a p a r t i c u l a r  s i t e .  The e f f e c t s  o f  e l e c t r o n  r e p u l s io n  a re  
th e n  t r e a t e d  as  a sm all p e r t u r b a t i o n  i n  subsequen t c o n f ig u r a t io n  
i n t e r a c t i o n  c a l c u l a t i o n s .  In  p o l a r  m o le c u le s ,  th e  charges  a re  no 
lo n g e r  "even ly  d i s t r i b u t e d " ,  and th u s  each  atom must have a p ro p e r  
s c re e n in g  c o n s ta n t .  I t  fo llo w s  t h a t  s c re e n in g  c o n s ta n ts  should  be 
a p p l ie d  t o  th e  a  o r b i t a l s  a l s o .  F or  a s e r i e s  of sm all  m olecu les  
such  f a c t o r s  might be o b ta in e d ;  b u t  in  t h i s  work, th e  la r g e  " s i z e "
t
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o f  th e  b a s ic  chomophore makes th e  sem iem pir ica l  e v a lu a t io n  o f such 
f a c t o r s  im p r a c t i c a l .
A lthough th e  symmetry and the  M.O. b a s is  s e t  c o e f f i c i e n t s  
a r e  no t in  agreement w i th  exper im en t,  the energy r e l a t io n s h ip  of th e  
a  and tt o r b i t a l s  a r e  such t h a t  a p o s i t i v e  g v a lu e  i s  o b ta in ed .  The 
c a l c u l a t e d  p r i n c i p a l  v a lu e s  g and gzz o f  the  g te n s o r  a r e  h ig h e r  
t h a n  experim en t d i c t a t e s  w ith  g pa 2.020 and g22 2 .005.
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In  view of the  d isag reem en t in  th e  experim en ta l assignm ent 
o f  th e  unp a ired  e l e c t r o n  M.O. w i th  the  c a l c u l a t i o n ,  th e  assignm ent 
o f  e l e c t r o n i c  t r a n s i t i o n s  becomes v e ry  d i f f i c u l t - - i f  not im p o ss ib le .  
From symmetry c o n s id e ra t io n s  the .  rr M .O .'s  tra n s fo rm  as  e i t h e r  the  
a 2 o r  b^ r e p r e s e n ta t io n s  under th e  symmetry o p e ra t io n s .  I t  
f o l lo w s  t h a t  on ly  tt -* rr t r a n s i t i o n s  p o la r iz e d  in  the  p lane  of the  
r i n g  a r e  a l lo w ed . The p o s s i b i l i t i e s  a r e :
T r a n s i t i o n  Axis of P o l a r i z a t i o n
b1 -  bL
a2 -  a 2
b i  -  a 2  y
a 2 -* hi  y
C o n s id e r in g  t h a t  th e  f i r s t  two e x c i te d  s t a t e s  are  l e s s  p o la r  th an
t h e  ground s t a t e ,  the w r i t e r  f in d s  th e  c a lc u la te d  M .O .'s  to  be in
o v e r - a l l  poor agreement w ith  exper im en t.  As such, the  e l e c t r o n i c  
t r a n s i t i o n s  a re  no t a s s ig n e d .
In  c o n c lu s io n ,  th e  c a l c u l a t i o n  r e s u l t s  a re  i n  poor agreement 
w i th  exp er im en t.  The poor agreem ent i s  a t t r i b u t e d  to  n e g le c t  of 
e l e c t r o n  r e p u l s io n s .  N e v e r th e le s s ,  the  c a l c u l a t i o n  i s  h e lp f u l  from 
th e  s ta n d p o in t  o f  symmetry c o n s id e r a t io n s .
IV. EXPERIMENTAL RESULTS AND DISCUSSION OF DIRADICAL MOLECULES
(A) 1 . 3 -B is - (N i t ro n v ln i t ro x id e )P ro p a n e
E .S .R . : The e l e c t r o n  s p in  resonance  s p e c t r a  o f  1,3-BNNP were
measured i n  a v a r i e t y  o f s o lv e n ts  and a t  s e v e ra l  te m p e ra tu re s .
E th a n o l ,  E .P .A .,  P.M.P. and Duco Cement were th e  s o lv e n ts  used
f o r  th e  measurements. The l a r g e  m agnetic  f i e l d  d i f f e r e n c e  between
th e  Am = 1 and th e  h a l f - f i e l d  r e g io n  n e c e s s i t a t e s  the p a r t i t i o n i n g  s .
o f  th e  t r i p l e t  spec trum  i n to  two r e g io n s — "Am = 1" and th e  " h a l f - f i e l d "s
r e g io n s .
1,3-BNNP was d i s s o lv e d  i n  Duco Cement and the  g lu e  was
allow ed  to  harden . The s o l i d  was fragm ented  and p laced  in  an
E .S .R . tu b e .  Measurements o f the  spec trum  were made a t  s e v e r a l
tem pera tu res  from room te m p e ra tu re  to  -145°C. Since tem p era tu re
d id  no t a f f e c t  th e  spec trum , on ly  th e  A®a = 1 spectrum  a t  -145°Cs
i s  shown i n  F ig u re  4 .1 .  The c e n t e r l i n e  i s  i n d i c a t i v e  o f  a d o u b le t ,
w h ile  the  o u te r  l i n e s  co rrespond  t o  t r i p l e t s  in  which the  ze ro
s p l i t t i n g s  a re  sm a ll  (D «  75 g a u ss ,  E «  0 ) .  No h a l f - f i e l d  resonance
was observed  in  Duco Cement.
E.S .R . s p e c t r a  o f  1,3-BNNP i n  r i g i d  g la s s y  s o lu t io n s  a t
77°K were measured i n  E .P .A . (F ig u re s  4 .2  and 4 .3 ) ,  e th a n o l
(F ig u re s  4 .4  and 4 . 5 ) ,  and P.M.P. s o lv e n t s .  The s p e c t r a  i n  E.P.A.
and e th a n o l  a re  d is c u s s e d  c o n c u r re n t ly  because th e y  a re  v e ry  s im i l a r .





FIGURE 4 . 1 .  E .S .R . spectrum  ( tun -1  r e g io n )  of 1,3-BNNPs










FIGURE b.J>. E .S .R . spectrum ( h a l f - f i e ld  region) of 1 ,3 “BNNP in  E.P.A . at TT°K.




FIGURE ' E .S .R . spectrum (^ng= l re g io n )  o f 1,3-BNNP in  e th a n o l  a t  TT°K.
100 gauss
H -
FIGURE b $ .  13.S.R. spectrum ( h a l f - f i e l d  re g io n )  o f 1,3-BNNP in  e th an o l  a t  JJ°K.
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A lthough  the  = 1 s p e c t r a  measured in  E .P .A . and i n  e th a n o l  a re
v e r y  s im i l a r ,  t h e r e  a re  some d i f f e r e n c e s  which a re  im p o rtan t to  th e
i n t e r p r e t a t i o n  o f  th e  s p e c t r a .  In  o rd e r  to  a id  i n  th e  d i s c u s s io n  o f
th e  t r i p l e t  s p e c t r a ,  resonance  peaks have been numbered 1 th ro u g h  8
(F ig u re  4 .2  and 4 .4 )  i n  th e  Am = 1 r e g io n s .  A d o u b le t  resonances
(9 )  i s  observed i n  each  s o lv e n t .  The spec trum  i n  E .P .A . i s  b e t t e r  
r e s o lv e d  than  t h a t  in  e th a n o l  and 8 t r i p l e t  re so n a n c e s  a r e  r e s o lv e d .  
The f a c t  t h a t  th e r e  a r e  more th a n  s i x  re so n a n c e s  su g g e s ts  t h a t  th e r e  
a r e  a t  l e a s t  2 t r i p l e t  s p e c ie s  in  s o lu t i o n .  E xam ination  o f th e  
E .P .A . and e th a n o l  s p e c t r a  shows t h a t  peaks 1, 2, 3, 6 , 7 and 8 
m a in ta in  e s s e n t i a l l y  th e  same r e l a t i v e  i n t e n s i t y  between s o lv e n t  
(w i th  s l i g h t  v a r i a t i o n  due, p e rh a p s ,  to  s o lv a t io n )  w h ile  peaks 4 
and 5 a r e  c o n s id e ra b ly  more in te n s e  r e l a t i v e  to  1, 2, 3, 6 , 7 and 
8 i n  E.P.A . th a n  i n  e th a n o l .  Thus, peaks 1, 2, 3, 6 , 7 and 8 a re  
a s s o c i a t e d  w ith  one t r i p l e t  s p e c ie s  ( s p e c ie s  1) and 4 and 5 w i th  
a n o th e r  t r i p l e t  s p e c ie s  ( s p e c ie s  2 ) .  The two d i f f e r e n t  s p e c ie s  a r e  
a t t r i b u t e d  to  d i f f e r e n t  conform ers o f th e  m o le c u le s .  This c o n c lu s io n  
s h a l l  be e la b o ra te d  upon and s tre n g th e n e d  i n  f u tu r e  d i s c u s s io n s .
A d e t a i l e d  a n a l y s i s  of th e  z e r o - f i e l d  s p l i t t i n g s  w i l l  be 
b ased  on the b e t t e r  re so lv e d  E .P .A . spec trum . I f  th e  peak to  peak 
d i s t a n c e  o f l i n e s  1 to  8 i s  ta k e n  as  2D f o r  s p e c ie s  1, then  
2D^ «  450 g au ss .  Having made such a c h o ic e ,  re so n a n c e s  2 and 7 
must be a s s o c ia te d  w i th  the  s p l i t t i n g  D + 3E and re so n an ces  3 and 
6 w i th  the  s p l i t t i n g  D - 3E. The p o s i t i o n s  on th e  bands which were
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chosen f o r  the  measurements a r e  shown in  F ig u re  4 .2 ,  the  p o s i t i o n s  
chosen  a re  in  accord  w ith  s ta n d a rd  procedures.'* ' I t  i s  found from 
measurement t h a t :
2D1 = 450 ------ 53
Dx + 3EX = 1 4 8  . . . . 5 4
Dĵ  - = 1 0 2  . . . . 5 5
A d d it io n  o f e q u a t io n s  54 and 55 y i e ld s  2D^ pa 250 g a u s s ,  th e  
same v a lu e  a s  measured f o r  eq u a tio n  53. Thus D^ and E^ a r e  found to  
be 225 gauss  and 3 g au ss ,  r e s p e c t i v e l y .  D* i s  c a l c u l a t e d ,  u s in g
e q u a t io n  26, to  be 225 g au ss .
Resonances 4 and 5 a r e ,  a p p a re n t ly ,  d eg en e ra te  o r  n e a r ly  
d e g e n e ra te  D + 3E o r  D - 3E resonances  o f s p e c ie s  2 . From th e  
d i f f e r e n c e  in  f i e l d  p o s i t i o n  of l i n e s  4 and 5, D^ i s  e s t im a te d  to  
be 93 g a u ss ,  w h ile  E / i s  e s t im a te d  to  be n e a r ly  z e ro .  T h is  means 
t h a t  D* = T)̂  £°r  second t r i p l e t  s p e c ie s .  T h is  i s  o n ly  s l i g h t l y  
l a r g e r  th a n  th e  z e r o - f i e l d  s p l i t t i n g s  observed f o r  1,3-BNNP i n  the  
s o l i d  Duco Cement. This su g g e s ts  t h a t  th e  t r i p l e t  i n  Duco Cement i s  
th e  same t r i p l e t  s p e c ie s  2 in  E.P.A . A s i m i l a r  a n a ly s i s  a p p l i e s  to  
th e  spectrum  in  e th a n o l .  Resonances "2 and 3" and "6 and 7" in
e th a n o l  a r e  no t r e s o lv e d ,  so D -f- 3E and D - 3E v a lu e s  canno t be
m easured . S ince  2D = 250 gauss in  e th a n o l ,  th e  z e r o - f i e l d  s p l i t t i n g  
v a lu e s  from the  Amg = 1 re g io n  o f 1,3-BNNP in  E .P .A . a r e  ta k e n  to  be
*"E.M. Kosower, "P h y s ic a l  Organic C hem is try" ,  John W iley 
and Sons, I n c . ,  New York, N .Y ., 1968, p . 431.
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TABLE 4 .1  
HALF-FIELD TRANSITIONS OF 1.3-BNNP
S o lv en t H (sauss) v(Mc/s) D*(gauss)xlO
E .P .A . 1524 9170 1.02
E .P .A . 1628 9170 .221
E th an o l 1522 9170 1.02
E th an o l 1625 9170 .250
r e p r e s e n t a t i v e  o f  1,3-BNNP i n  e th a n o l .
The h a l f - f i e l d  s p e c t r a  in  e th a n o l  and E.P.A. each h a v e .
two re so n a n c e s  ( s e e  F ig u re s  4 .3  and 4 . 5 ) .  Two v a lu e s  o f D* may be
c a lc u la te d  from th e  s p e c t r a l  d a ta  in  each  so lv e n t  (see  Table 4 .1 ) .
The low est f i e l d  reso n an ce  i n  each s o lv e n t  has a D* va lue  of
1.02x10^ g a u s s ;  t h e  h ig h e r  f i e l d  H . has a D* v a lu e  of 2.2x10^-  min —
2
gauss i n  EPA and a v a lu e  o f  2.5x10 gauss  in  e th a n o l .  (The a p p a ren t  
d isc re p a n c y  i s  a r e s u l t  o f  th e  r e l a t i v e l y  h ig h  " h a l f - f i e l d "  resonance  
f i e l d .  T h is  le a d s  to  a sm all d i f f e r e n c e  of two la rg e  numbers in  
e q u a t io n  2 6 ) .  The l a t t e r  v a lu e s  a re  i n  e x c e l l e n t  agreement w ith  
D* c a l c u l a t e d  from th e  Am = 1 . r e g io n ;  DW has a v a lu e  o f  226 g au ss .
JL S
3 .
The lo w es t f i e l d  H . re so n an ce  (D* = 1.02x10 gauss) has nomin —
c o u n te r p a r t  i n  th e  Am = 1 r e g io n .  The l a r g e  v a lu e  of D* and th es
absence  o f  th e  Am = 1 t r a n s i t i o n s  su g g e s t  t h a t  th e  c o n c e n t ra t io n  ofs
t h i s  t r i p l e t  s p e c ie s  i s  sm all  ( r e f e r  to  C hapter I ,  S e c t io n  B f o r
th e o ry  and r e f e r e n c e s ) .  I n t e r e s t i n g l y  t h i s  resonance  i s  i d e n t i c a l
in  shape and v a lu e  o f D* W ith th e  h a l f - f i e l d  resonances  observed f o r
. th e  a - n i t r o n y l n i t r o x i d e  d o u b le t  dim ers i n  e th a n o l  r i g i d  g la s s e s  a t
77°K. Thus, we conclude t h a t  th e  t r i p l e t  d im erize s  i n  such a way
to  g ive  a t r i p l e t  s p e c ie s  which i s  m a g n e t ic a l ly  i d e n t i c a l  to  the
t r i p l e t  formed by d im e r iz a t io n  o f  th e  d o u b le t  m o lecu le s .  I t  should
be n o t ic e d  t h a t  t h e r e  i s  no " h a l f - f i e l d "  resonance  which co rresponds
to  the  t r i p l e t  s p e c ie s  2 (D «  93 g au ss ,  E «  0) observed i n  the
Am = 1 r e g io n  i n  e th a n o l  and E .P .A . T h is  i s  c o n s i s t e n t  w i th  th e  s
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f a c t  t h a t  no h a l f - f i e l d  reso n an ce  was observed in  Duco Cement.
The A® = 1 s p e c t r a  o f  1,3-BNNP in  e th a n o l  were measured s
as a f u n c t io n  o f te m p e ra tu re .  Some o f  th e  s p e c t r a  a re  shown i n
F ig u re  4 .6 ;  th e se  s p e c t r a  co rresp o n d  to  te m p e ra tu re s  o f -85°C, -105°C
and -143°C. I n t e r e s t i n g l y ,  th e  spectrum  a t  -85°C i s  n e a r ly  i d e n t i c a l
t o  t h a t  in  Duco Cement or l i n e s  4 and 5 ( t r i p l e t  s p e c ie s  2) i n  th e
77°K e th a n o l  spectrum . As th e  te m p e ra tu re  i s  low ered , th e  re so n an ces
o f  t r i p l e t  s p e c ie s  1 b eg in  to  a p p e a r .  These o b s e rv a t io n s  su g g es t
t h a t  a t  lower tem pera tu re  t r i p l e t  s p e c ie s  1 , which has  th e  l a r g e r
z e r o - f i e l d  s p l i t t i n g s ,  becomes more h ig h ly  fa v o re d .  I f ,  in d eed , t h i s
i s  an  e q u i l ib r iu m  p ro c e s s ,  the  absence  of t r i p l e t  s p e c ie s  1 r e so n an ces
i n  e th a n o l  a t  h ig h e r  te m p e ra tu re s  and i n  the  Duco Cement i s  s u s p e c t .
T h is  " a p p a re n t"  d isc re p a n c y  may be r a t i o n a l i z e d  from c o n s id e ra t io n s
o f  th e  r e l a t i v e  a llow edness  o f th e  Am = 1 t r a n s i t i o n s  and r e l a x a t i o ns
e f f e c t s .  The tfa-s = 1 t r a n s i t i o n s  become l e s s  a llow ed w i th  in c r e a s in g
z e r o - f i e l d  s p l i t t i n g s  (C h ap te r  I ,  S e c t .B ) ;  hence , th e  i n t e n s i t y  o f
t r i p l e t  s p e c ie s  1 would be l e s s  th a n  t h a t  o f  t r i p l e t  s p e c ie s  2 i f
th e y  were a t  equal p o p u la t io n s .  In  a d d i t i o n ,  sm all therm al m otions
would tend  to  " re la x "  the  h ig h e r  z e r o - f i e l d  re so n an ces  more e a s i l y
th a n  those  o f  the  s m a l le r  z e r o - f i e l d  s p l i t t i n g s .  Thus, th e  l a r g e r
re so n a n c e s  would tend  to  be washed, o u t .
The spectrum  of 1,3-BNNP i n  e th an o l,  was measured a t  77°K
-3  -3f o r  two s o lu t io n s  which were 1.0x10 M and 4.4x10 M a t  R.T. The 
r e s u l t s  showed th e  i n t e n s i t y  o f  th e  d o u b le t  re so n an ces  in c re a se d
100 gauss
FIGURE k . 6 ,  E .S .R . s p e c t r a  (&ns =l r e g io n )  o f  1 ,3 “BNNP in  e th a n o l  a t  




FIGURE it-.T* E .S .R . spectrum  (&n =1 re g io n )  o f  1,3-BNNPs
in  P.M.P. a t 77°K.
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r e l a t i v e  to  th e  fan. = 1 t r i p l e t  re so n an ces  w i th  in c r e a s in g  c o n c e n t r a t io n .s
Thus, th e  d o u b le t  s p e c ie s  i s  a f u n c t io n  o f  the 1,3-BNNP c o n c e n t r a t io n .
I t  i s  b e l ie v e d  t h a t  the  d o u b le ts  a r i s e  from in te rm o le c u la r  i n t e r a c t i o n
2
w hich  r e s u l t s  in  the  fo rm a tio n  o f dimer o r  polymer s p e c ie s .  Kosower 
h as  su g g es ted  a "d an g lin g  ends" model such as
■•i  fi-
m  A
i n  which i n t e r a c t i n g  "ends"  o f th e  m olecule s p i n - p a i r .
The E .S .R . spectrum  of 1,3-BNNP in  P.M.P. a t  77°K (F igu re  .4.7)
i s  s h a rp ly  c o n t r a s te d  to  th o se  observed i n  e th a n o l  and E.P.A. There
i s  a v e ry  s t ro n g  d o u b le t  s ig n a l  i n  th e  km = 1 r e g io n ,  but no t r i p l e ts
re so n an ces  w h a tso ev er .  The h a l f - f i e l d  re g io n  i s  a l s o  devoid of
re so n a n c e s .  The la rg e  d o u b le t  s ig n a l  suggest  t h a t  th e  p re v io u s ly
d is c u s s e d  in te rm o le c u la r  dim ers w i th  dan g lin g  ends a re  a v e ry
im p o rta n t  chem ical s p e c ie s  i n  t h i s  system . I t  should  be noted th a t
1,3-BNNP i s  q u i t e  in s o lu b le  i n  pure hydrocarbon s o lv e n ts .  The
-3
s o l u b i l i t y  i s  l e s s  th a n  10 moles p e r  l i t e r  i n  n-hexane and P.M.P.
On th e  o th e r  hand, 1,3-BNNP i s  much more so lu b le  in  a lc o h o l ic  
s o lv e n t s .
C o l l e c t iv e  d a ta  o f  th e  E .S .R . s p e c t r a  o f  1,3-BNNP in  r i g i d  
media a r e  summarized i n  Table  4 .2 .  The sharp  c o n t r a s t  of the  E.S.R . 
s p e c t r a  o f 1,3-BNNP w ith  so lv e n t  su g g e s ts  t h a t  s o lv a t io n  i s  v e ry  
im p o r ta n t  to  th e  s t a b i l i t y  o f  th e  t r i p l e t s .  D im er iz a t io n  appears
2E.M. Kosower and Y. Ikegam i. J .  Am. Chem. S o c . . 89, 461 
(1 9 6 7 ) .  ~
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TABLE 4 .2







D oublet S ig n a l  
weak
weak
s t r o n g
weak







226 3 225 221
93 N.O. 93 N.O.
N.O. N.O. N.O. 1.02x10“ 
226 3 225 250
93 0 93 N.O.
N.O. N.O. N.O. 1.02x10“ 
N.O. N.O. N.O. N.O.
75 0 75 N.O.
In  u n i t s  o f  gauss
N .O.--Resonaces no t observed
D *' C a lc u la te d  from Am = 1 datas
D*" C a lc u la te d  from h a l f - f i e l d  resonance
to  be th e  c h i e f  c u l p r i t  i n  co m p lica t in g  th e  system. The e q u i l ib r iu m
scheme in  F ig u re  4 .8  " a c c o u n ts "  f o r  th e  observed phenomena. The
proposed con fo rm atio n s  have no t been v e r i f i e d  e x p e r im e n ta l ly  and a re
shown on ly  a s  examples to  c l a r i f y  the  d i s c u s s io n s .  T r i p l e t  s p e c ie s  1
and 2 a r e  s im ply two confo rm ations  o f  th e  molecule which have
d i f f e r e n t  z e r o - f i e l d  s p l i t t i n g s .  T r i p l e t  sp e c ie s  3 r e p re s e n ts  a
"com plexation"  betw een 2 ends o f  s e p a ra te  t r i p l e t  m olecules  ( s p e c i e s  1
3or 2) i n  c lo s e  p ro x im ity  t o  g ive  the  t r i p l e t  sp e c ie s  3(D* = 1.02x10 
g a u s s ) . S pec ies  4 r e p r e s e n t s  a t i g h t  i n t e r a c t i o n  between the  ends 
o f  two s e p a ra te  m olecu les  in  which s p in  p a i r in g  o c c u rs .  The s e p a ra te d  
"d an g lin g  ends"  a re  e f f e c t i v e l y  d o u b le ts .  Although sp e c ie s  3 and 
sp e c ie s  4 a r e  r e p re s e n te d  as  d im ers ,  th e  p o s s i b i l i t y  fo r  polymers 
i s  not ru le d  o u t .
P o la r  s o lv e n t s  ( e th a n o l  and E .P .A .)  fav o r  the  l e f t  hand 
s id e  o f  the  e q u i l ib r iu m  f ig u r e s  in  F ig u re  4 .8  a t  77°K. There i s  
e v id e n t ly  some s p e c ie s  3; b u t ,  a s  p r e v io u s ly  m entioned, the  
c o n c e n t r a t io n  i s  s m a l l .  There i s  c e r t a i n l y  some s p in - p a i r in g  to  
g ive  s p e c ie s  4 ; th e  p re se n c e  of s p e c ie s  4 was in d ic a te d  by the  
i n c r e a s in g  d o u b le t  s ig n a l  w ith  in c r e a s in g  c o n c e n tra t io n  in  e th a n o l  
a t  77°K. As one goes to  l e s s  p o la r  s o lv e n t s ,  th e  r i g h t  hand s id e  
of the  e q u a t io n  i n  F ig u re  4 .8  becomes favored  a s  the  m olecules  tend  to  
s o lv a te  th em se lv es .  T h is  mechanism i s  supported  by the la rg e  d o u b le t  
s ig n a l  In  P.M.P. a t  77°K ( s p e c ie s  4) and by the  in h e re n t  i n s o l u b i l i t y  




SPECIES 3 SPECIES 4
FIGURE 4 .8 .  P o s t u l a t e d  c h e m i c a l  s p e c i e s  a n d  e q u i l i b r i a  o f  1,3-BNNP.
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th e  m olecu les  form m i c r o c r y s t a l l i t e s  o r long polymer cha ins  o f 
s p e c ie s  4 in  pu re  hydrocarbon  s o lv e n t  a t  77°K. No ev idence  o f  
m i c r o c r y s t a l l i t e s  was observed  w i th  the  unaided ey e , however. I t  
i s  b e l ie v e d  t h a t  th e se  proposed " s p e c ie s "  a d e q u a te ly  d e s c r ib e  the 
E .S .R . s p e c t r a  i n  th e  r i g i d  media used fo r  th e  s tu d i e s .
The s o l u t i o n  E .S .R . s p e c t r a  o f  1,3-BNNP in  E.P.A. and 
P.M.P. were measured a t  room te m p e ra tu re .  Both s p e c t r a  showed some 
h y p e r f in e  s p l i t t i n g ,  e s p e c i a l l y  th e  s p e c t r a  i n  P.M .P. (F ig u re  4 .9) 
whose spectrum  i s  i n d i c a t i v e  of two e q u iv a le n t  hydrogens 
ClaH| = 2 .1  g au ss)  and two e q u iv a le n t  n i t r o g e n s  ( | aNl = 7 .4  g au ss) .
The w e ll  r e so lv e d  h y p e r f in e  s p l i t t i n g s  a r e  undoubted ly  caused by 
im p u r i t i e s  o r  dimer d a n g lin g  ends such as  th o se  p o s tu la te d  as  spec ies  
4 fo r  th e  r i g i d  g la s s y  media. " Im p u r i ty "  i s  meant to  r e p re s e n t  
m olecu les  t h a t  c o n ta in  on ly  one n i t r o n y l n i t r o x i d e  group and a 
benzaldehyde o r  a b en zo ic  a c id  group on the  o th e r  end o f the  chain . 
(R efe r  to  C hap ter  I I ,  S e c t . l  f o r  s y n th e s i s .  The types  of im p u r i t ie s  
a r e  r e a d i l y  u n d e r s to o d ) .  N e v e r th e le s s ,  the  z e r o - f i e l d  s p l i t t i n g s  
o f  1,3-BNNP ap p ear  t o  be too la rg e  f o r  tum bling  to  narrow th e  
re so n an ces  to  th e  e x t e n t  t h a t  h y p e r f in e  s p l i t t i n g  i s  observed . At 
b e s t ,  one would e x p ec t  a broad re so n an ce .
The E .S .R . spectrum  o f  a p o l y c r y s t a l l i n e  "powder sample" 
was measured (F ig u re  4 .1 0 ) .  The resonance  i s  c h a r a c t e r i s t i c  o f  an 
exchange narrowed d o u b le t  r a t h e r  th a n  a t r i p l e t .  Such a r e s u l t  
im p lie s  t h a t  th e  in te rm o le c u la r  exchange energy  among m olecu les  in  
th e  c r y s t a l  i s  o f  th e  same o rd e r  of magnitude as  the  in t ra m o le c u la r
dl(H)
dH
5 .0  gauss
H -






FIGURE 4 .1 0 .  E .S .R . spec trum  o f  a p o l y c r y s t a l l l n e  sample 
o f 1,3-BNNP.
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exchange en erg y . I t  i s  expected t h a t  the  in te rm o le c u la r  exchange
e n e r g ie s  a re  s im i la r  to  those  o f th e  a-MNN c r y s t a l s .  This fo llo w s
s in c e  th e  shapes o f the  s p e c t ra  o f  a-MNN and 1,3-BNNP powders a re
s im i l a r  and s in c e  th e  unpaired  e l e c t r o n  s p in  d e n s i t i e s  a re  not changed.
( s e e  e q u a t io n  50 in  Chapter I I I ,  S e c t .A ) .  Thus, th e  exchange energy
i n  th e  t r i p l e t  i s  o f  the  same o rd er  of m agnitude a s  .7  cm Hence,
t h e  s in g l e t  s t a t e  t h a t  accompanies th e  t r i p l e t  s t a t e  o f  th e  m olecules
-1
i s  p r e d ic te d  to  be w i th in  1 .5  cm o f  th e  t r i p l e t .  This e x p la in s  
why tem p era tu re  does no t appear to  a f f e c t  th e  t r i p l e t  s ig n a l  in  
th e  77°K ra n g e .  F u r th e r ,  th e  d e s c r i p t i o n  o f  the  d i r a d i c a l  m olecule 
a s  in  Chapter  I ,  S e c t io n  B i s  j u s t i f i e d .
2. E l e c t r o n i c  S p e c t r a : The R.T. a b s o r p t io n  s p e c t r a  o f 1,3-BNNP were
measured i n  cyclohexane and e th n a o l  (F ig u re  4 .1 1 ,  Table  4 . 3 ) .  The 
s p e c t r a  in  P.M.P. and E.P.A. were measured a t  R.T. and a t  77°K 
(F ig u re s  4 .12a  and 4 .12b and Table 4 .4 ) .
The s p e c t r a  o f  1,3-BNNP i n  the  s e v e ra l  s o lv e n ts  and a t  
s e v e r a l  te m p e ra tu re s  a r e  very  s im i l a r  to  a-MNN. Such a r e s u l t  would 
be expected  and i s  c o n s is t e n t  w i th  weakly coupled  com posite  systems 
a s  d isc u s s e d  in  S e c tio n  E of Chapter I .  The v i b r a t i o n a l  s p l i t t i n g s  
a r e  somewhat b e t t e r  re so lv ed  fo r  1,3-BNNP th an  f o r  a-MNN i n  bo th  
hydrocarbon  and e th a n o l i c  s o lv e n ts .  T h is  i s  e s p e c i a l l y  t r u e  fo r  
band I  in  which th e  second v i b r a t i o n a l  s p l i t t i n g  i s  more in te n s e  
th a n  the  z e ro -z e ro  band in  1,3-BNNP. In  a-MNN, th e  second v i b r a t i o n a l  
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FIGURE 4 .1 1 . R.T. a b so rp t io n  s p e c t r a  o f  1,3-BNNP in  s o lu t io n s  o f cyclohexane and e th a n o l .
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ABSORPTION ENERGIES AND EXTINCTION COEFFICIENTS 
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ABSORPTION ENERGIES OF 1.3-BNNP IN E .P .A . AND P.M.P.
AT R.T. AND 77°K
E.P.A.
R.T. 77°K












A lthough th e re  a re  v e ry  s u b t le  changes in  band contours  
and th e r e  a r e  sm all energy  s h i f t s  o f  1,3-BNNP r e l a t i v e  to  g?-MNN, 
t h e r e  do n o t app ear  to  be any re so lv e d  " e x c i to n  s p l i t t i n g s " .  As 
was mentioned p r e v io u s ly ,  th e  v i b r a t i o n a l  s t r u c t u r e  of 1,3-BNNP i s  
somewhat b e t t e r  r e so lv e d  th an  in  a-MNN. I f  e x c i to n  s p l i t t i n g s  of 
th e  e l e c t r o n i c  energy  l e v e l s  were p r e s e n t ,  the  r e s o l u t i o n  o f  1,3-BNNP 
t r a n s i t i o n s  would be expected  to  be p o o re r  th a n  those  o f  cHMNN. Thus, 
i t  i s  concluded t h a t  e x c i to n  s p l i t t i n g s  a re  v e ry  weak, i f  th e y  even 
e x i s t .  The band shapes i n  a-MNN and 1,3-BNNP a re  s im i l a r  enough 
so t h a t  th e  e x t i n c t i o n  c o e f f i c i e n t s  may be tak en  as  a good measure 
o f  the  r e l a t i v e  i n t e n s i t y  of th e  co rresp o n d in g  t r a n s i t i o n s .  The 
maximum e x t i n c t i o n  c o e f f i c i e n t s  a re  l a r g e r  f o r  bands I  and I I  in
1,3-BNNP th a n  i n  a-MNN, and th e  i n t e n s i t y  f a c t o r s  a re  approx im ate ly  
1 .4  f o r  band I  and 1 .9  f o r  band I I  ( s o l v e n t - - e t h a n o l ) . The simple 
th e o ry  of com posite  m olecu les  p r e d i c t s  a maximum i n t e n s i t y  r a t i o  
of 2 when th e  e x c i to n  s p l i t t i n g  i s  v e ry  sm a ll .  I t  i s  im portan t 
t h a t  in  e th a n o l  a t  R.T. th e  i n t e n s i t y  o f the t r a n s i t i o n s  p a r a l l e l  
th e  c o n c e n t r a t io n  to  w i th in  e x p e r im e n ta l  e r r o r .  This o b se rv a t io n  
e l im in a te s  th e  p o s s i b i l i t y  o f  a l a r g e  dimer c o n c e n t r a t io n  i n  e th an o l  
a t  room te m p e ra tu re .  . The absence o f e x c i to n  e f f e c t s  s t r o n g ly  
i n d i c a t e s  t h a t  th e  n i t r o n y l n i t r o x i d e  groups i n t e r a c t  on ly  weakly.
T h is  su p p o r ts  th e  v e ry  sm all  exchange i n t e r a c t i o n  in  1,3-BNNP 
observed  i n  the  a n a l y s i s  o f  the  E .P .R . p o l y c r y s t a l l i n e  s p e c t r a .
Thus, th e  subsystem s a r e  n e a r ly  " in d ep en d en t"  and i n t e r a c t  only to  
a v e ry  l im i te d  d eg ree .
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The s p e c t r a  of 1,3-BNNP showed th e  same t r e n d s  as a-MNN in  
E .P .A . and P.M.P. in  going from R.T. to  77°K. At 77°K th e  s p e c t r a  
a r e  b e t t e r  re so lv ed  than a t  R.T. and a r e  b l u e - s h i f t e d .  The b l u e - s h i f t  
i n  go ing  to  lower tem pera tu re  in  E .P .A . may be a t t r i b u t e d  to  the  
in c r e a s e  o f  the d i e l e c t r i c  c o n s ta n t  o f  th e  s o lv e n t  w i th  d e c re a s in g  
te m p e ra tu re .  T h is  f a c t  and the  use o f  McRae's eq u a tio n s .  (C hap ter  I ,  
S e c t .C )  account f o r  the g e n e ra l  b l u e - s h i f t  i n  E .P .A . This  does no t 
a c c o u n t ,  however, f o r  the anomalously la rg e  b l u e - s h i f t  i n  P.M.P.
I t  i s  s i g n i f i c a n t  t h a t  the  magnitude o f  the  b l u e - s h i f t  depends upon 
th e  method by which the so lv e n t  i s  p re p a re d .  In  P .M .P. s o lv e n ts  
p re p a re d  from d i f f e r e n t  b o t t l e s ,  the m agnitude o f  the  b l u e - s h i f t  
v a r i e s .  I n  s o lv e n ts  t h a t  were su sp e c t  of b e in g  w e t—b u t  no t wet 
enough to  cloud th e  g l a s s —a v ery  l a r g e  b l u e - s h i f t  o f  1300 cm 
was observed  f o r  th e  0-0 band o f  band I  i n  going  from R.T. t o  77°K.
I t ,  t h u s ,  appears  t h a t  w a te r  i s  the m ajor c o n t r i b u t o r  t o  th e  b l u e - s h i f t  
o f  th e  e l e c t r o n i c  t r a n s i t i o n s  of «-MNN and 1,3-BNNP i n  P.M.P. a t  
77°K. As the  tem pera tu re  i s  d e c re a se d ,.  ^ 0  becomes l e s s  so lu b le  in  
th e  hydrocarbon (a w ell known e f f e c t  t o  s p e c t r o s c o p i s t s ) . The w a te r  
th u s  i n t e r a c t s  w i th  the b e s t  base a v a i l a b l e - - i n  t h i s  c a s e ,  a-MNN 
o r  1,3-BNNP. The anom alously . la rg e  b l u e - s h i f t  does  n o t  occur 
u n t i l  v e ry  near  77°K. T h is  i s  a s c e r t a in e d  from o b s e rv a t io n s  of th e  
c o l o r  i n  th e  g l a s s  as  i t  coo ls  upon im m ersion in  l i q u i d  n i t ro g e n .
The b l u e - s h i f t  i s  in d ic a te d  by the  l o s s  o f a v i o l e t  t i n g e  i n  the 
s o l u t i o n  a s  i t  changes to  p u re r  re d .  V a r ia b le  te m p e ra tu re  o p t i c a l
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s tu d ie s  have no t been undertaken  fo r  ce-MNN and f o r  1,3-BNNP. The 
e f f e c t s  o f  w a te r  in  hydrocarbon so lv e n ts  to  th e se  p o la r  m olecules  
a r e  a l s o  im p o rtan t  to  o th e r  h e te r o c y c l i c  compounds, e s p e c i a l l y  in  
lum inescence s tu d i e s .
I t  i s  a l s o  o f  i n t e r e s t  t h a t  the  w e l l - r e s o lv e d  s p e c t ra  o f  
77°K do n o t  imply d i f f e r e n c e s  in  the  e l e c t r o n i c  e n e r g ie s  of the  
conform ers o f  1,3-BNNP observed i n  the E .S .R . s p e c t r a  i n  E.P.A. a t  
77°K. Thus, t r i p l e t  s p e c ie s  1 and 2 observed in  th e  E .S .R . spectrum  
a re  n e a r ly  d e g e n e ra te .
Summarizing, the U.V. a b s o rp t io n  spectrum  and E.S .R . s p e c t r a  
imply t h a t  the  two n i t r o n y l n i t r o x i d e  subgroups i n  1,3-BNNP a re  o n ly  
weakly, i n t e r a c t i n g .  No e x c i to n  s p l i t t i n g s  a re  observed  in  the  
e l e c t r o n i c  s p e c t r a ;  and th e  exchange energy  i s  e s t im a te d  from 
E .S .R . s tu d ie s  to  be l e s s  t h a n ,10 cm The anom olously la rg e  
b l u e - s h i f t  o f  a-MNN and 1,3-BNNP in  going  from R.T. t o  77°K in  
P.M.P. i s  a t t r i b u t e d  t o  "com plexation" w i th  1^0 v e ry  n ea r  77°K.
B. 1 . 2 - B i s ( a - n i t r o n v l n i t r o x i d e ) E t h a n e ( l . 2-BNNE)
1. E .S .R . : The r i g i d  g l a s s  (77°K) E .S .R . s p e c t r a  f o r  the  Am_ = 1
r e g io n s  and Am = 2 r e g io n  of 1,2-BNNE i n  E.P.A. a re  shown in  s
F ig u re  4 .13  and F ig u re  4 .1 4 ,  r e s p e c t i v e l y .  Those f o r  1,3-BNNE in
PMP a re  shown in  F ig u re  4 .1 5  and F ig u re  4 .1 6 .
U nlike  th e  case o f  1,3-BNNP, on ly  s ix  t r i p l e t  re so n an ces
(peaks  1 , 2 ,3 , 4 ,5  & 6) a re  observed in  th e  £pi = 1 r e g io n  in  bo th. s










FIGURE 4 .1 5 .  E .S .R . spectrum  ( £$n =1 re g io n )  of 1,2-BNNE in  P.M.P. a t  TT°K-s
197




FIGURE 4 .1 6 .  E .S .R . spectrum  ( h a l f - f i e l d  re g io n )  of
1,2-BNNE i n  P.M.P. a t  T7°K.
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of th e  z e r o - f i e l d  s p l i t t i n g s  of one t r i p l e t  co n fo rm atio n . A d o u b le t
resonance  (7) i s  observed in  b o th  s o lv e n t s ;  the  r e l a t i v e  i n t e n s i t y
of th e  d o u b le t  i s  much g r e a t e r  i n  PMP than  in  E .P .A . This  s o lv e n t
e f f e c t  on th e  do u b le t  i n t e n s i t y  combined w i th  an observed  c o n c e n t r a t io n
e f f e c t  i n d i c a t e  t h a t  the  t r i p l e t  1,2-BNNE d im e r iz e s  a s  d id  1,3-BNNP
t o  form a dou b le t  s p e c ie s .
Two h a l f - f i e l d  resonances  a r e  observed  f o r  1,2-BNNE in
3
E.P .A . (F ig u re  4 .1 3 ) .  One o f th e se  re so n an ces  (1)(D * = 1.02x10 gauss)
3
i s  i d e n t i c a l  to  th o se  observed f o r  th e  d o u b le t  a-MNN (D* = 1.02x10 )
3
and fo r  th e  t r i p l e t  1,2-BNNP (D* = 1.02x10 ) i n  a l c o h o l i c  s o lv e n t s .
As i n  th e  o th e r  ca ses  th e  co r resp o n d in g  Amg = 1 t r a n s i t i o n s  a r e  not 
observed . Undoubtedly, th e  same chem ical change i s  r e s p o n s ib le  f o r  
t h i s  t r i p l e t  h a l f - f i e l d  resonance  and s in c e  b o th  doubet and t r i p l e t  
monomers g i v e . the re so n an ce , i t  i s  f a i r l y  c e r t a i n  t h a t  d im e r iz a t io n  
o f  th e  v a r io u s  monomers g iv es  r i s e  to  a t r i p l e t  dimer having  r a t h e r  
l a r g e  z e r o - f i e l d  s p l i t t i n g s .
The o th e r  h a l f - f i e l d  re sonance  f o r  1,2-BNNE in  E .P .A .—and 
th e  only  observed h a l f - f i e l d  re sonance  in  P .M .P .—a r e  th e  h a l f - f i e l d  
reso n an ces  co rrespond ing  to  th e  monomer t r i p l e t .  The t r i p l e t  dimer 
i s  no t observed in  P.M.P. fo r  any of th e  system s s tu d ie d ;  b u t ,  on 
th e  o th e r  hand, th e  dou b le t  dimer i s  g r e a t l y  enhanced i n  P.M.P. f o r  
a l l  th e  systems s tu d ie d .  The room te m p e ra tu re  E .S .R . spectrum  of
1,2-BNNE i n  hardened Duco Cement i s  shown i n  F ig u re  4 .1 7 .  The spectrum  






FIGURE ^ .1 7 . E .S.R . spectrum ( Ams=l  reg ion ) of 1,2-BNNE- in  hardened Duco Cement vo
a t  R .T ..
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The z e r o - f i e l d  s p l i t t i n g s  measured a n d /o r  c a l c u la te d  a re
shown in  Table  4 .5 .  The v a lu e s  t h a t  can be determ ined in d e p e n d e n t ly
show r a t h e r  good i n t e r n a l  c o n s is te n c y  and hence t h i s  adds con fidence
t o  our i n t e r p r e t a t i o n .
The z e r o - f i e l d  s p l i t t i n g  fo r  monomer 1,2-BNNE a r e  g r e a t e r
th a n  th o se  observed f o r  1,3-BNNP. T h is  i s  c o n s i s t e n t  w i th  th e  f a c t
t h a t  th e  two ends a r e  c lo s e r  by 1 methylene group in  the  case  of 
t
1.2-BNNE. S l ig h t  so lv e n t  a n d /o r  tem pera tu re  e f f e c t s  a re  observed 
i n  th e  s p l i t t i n g s  under d i f f e r e n t  exper im en ta l  c o n d i t io n s .  We have 
se e n  t h a t  so lv e n t  e f f e c t s  a l t e r  s l i g h t l y  th e  s p in  d e n s i t i e s  in  th e  
d o u b le t  p o r t io n s  of th e  m o lecu le .  T h is  combined w i th  th e  f a c t  t h a t  
one would no t exp ec t th e  mean conform ation  of 1,2-BNNE t o  be i d e n t i c a l  
i n  th e  d i f f e r e n t  s o lv e n ts  nor a t  the  d i f f e r e n t  t e m p e ra tu re s ,  a cco u n ts  
f o r  th e  sm all changes in  th e  z e r o - f i e l d  s p l i t t i n g s .  Two d i s t i n c t  
co n fo rm atio n s  a re  no t observed .
I t  should be noted  t h a t  the  P.M.P. g l a s s  used f o r  th e  77°K
E .S .R . spec trum  of 1,2-BNNE was somewhat cloudy and was p o s s ib ly  w et.
V igorous shak ing  was r e q u i re d  to  d is s o lv e  the 1,2-BNNE t o  about 
-42x10 moles p e r  l i t e r .  P erhaps  the s o lu t io n  p ic k s  up m o is tu re  
w i th  co n tin u ed  shak ing , and th e  t r i p l e t  i s  s t a b i l i z e d  by w a te r .
T h is  may be why 1,2-BNNE shows t r i p l e t  resonances  i n  P.M .P. w h ile
1.3-BNNP does n o t .  An a l t e r n a t e  p o s s i b i l i t y  i s  t h a t  th e  m olecu les  
s e m i- so lv a te  them selves  and do no t s p in - p a i r .
The room tem p era tu re  E .S .R . s p e c t ra  i n  E .P .A . and P.M.P. 
a r e  shown in  F ig u re  4 .1 8 .  In  E.P.A . the  spectrum  i s  no t w e l l
TABLE 4 .5
Z F . R O - F T F J . D  SPLITTINGS FROM 1,2-BNNE IN RIGID MATRICES
S olven t Species  2D D+3E D~3E D/ Dg
E.P.A. Monomer t r i p l e t  448 303 156 224 229
Dimer t r i p l e t  ----  ----  ----  ----  ----
P.M.P. Monomer t r i p l e t  448 303 156 224 229
Duco Cemet Monomer t r i p l e t  414 247 184 207 215
;d '------- C a lc u la te d  from 2D
D"------- C a lc u la te d  from D+3E and D-3E
D* ' ------C a lc u la te d  from A® = 1 da tas
D*"----- C a lc u la te d  from h a l f - f i e l d  d a ta
j-I(H) 
dH
5 .0  gauss
FIGURE 4 .1 8 .  E .S .R .
H -
spectrum o f  1,2-BNHE in  P.M.P. s o lu t io n a t  R.T.
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r e s o lv e d ,  b u t  in  P.M.P. h y p e r f in e  s p l i t t i n g s  a re  r e s o lv e d .  As w ith
1 ,3-B N N P,in term olecu lar dim ers a re  p ro b ab ly  p re se n t  a t  room tem p era tu re .  
The P.M.P. spectrum  shows ev idence  o f  17 l i n e s  r a t h e r  th an  th e  
ex p ec ted  15, and the  l i n e s  a r e  n o t o f  the " c o r r e c t "  i n t e n s i t y  r a t i o s .
A p o s s i b i l i t y  i s  t h a t  some exchange i s  ex p e r ien ced  a c ro s s  th e  dimer 
w hich  i s  caus ing  p e r tu r b a t io n s .
The R.T. E .S .R . c r y s t a l  spectrum  (F ig u re  4 .1 9 )  g iv e s  a 
d o u b le t - s p e c ie s  resonance w hich i s  q u i te  a s s y m e tr ic .  No t r i p l e t  
re so n an ces  a re  observed . S ince  th e .s h a p e  o f  the  resonance i s  
somewhat d i f f e r e n t  than  th e  p o l y c r y s t a l l i n e  samples, o f  th e  d o u b le t  
n i t r o n y l n i t r o x i d e s  and 1,3-BNNP, i t  i s  q u i t e  p o s s ib le  t h a t  the  
in t r a m o le c u la r  exchange energy  i s  in c r e a s e d .  The resonance, s ig n a l  
i s  n o t  d r a s t i c a l l y  changed, however. Thus, i t  i s  concluded t h a t  
th e  exchange energy  i s  r a t h e r  s m a l l - -p ro b a b ly  l e s s  th an  20 cm .
2. E l e c t r o n i c  S p e c t r a : The R.T. a b s o rp t io n  s p e c t r a  o f  1,2-BNNE
w ere measured in  n-hexane and e th a n o l  (F ig u re  4 .2 0 ) .  The maxima 
and t h e i r  e n e rg ie s  a re  shown in  Table  4 .6 .  R.T. and 77°K s p e c t ra  
o f  1,2-BNNE in  E.P.A. and P.M.P. (F ig u re s  4 .21a  and 4 .21b) were 
a l s o  m easured. E n e rg ies  o f the maxima f o r  th e  s p e c t r a  in  E.P.A . 
and P.M.P. a re  g iven  i n  Table  4 .7 .
The con tours  o f th e  band I  o f  1,3-BNNP and 1,2-BNNE a re  
v e r y  s im i l a r ,  and both  a re  o n ly  s l i g h t l y  d i f f e r e n t  th a n  of-MNN.





















FIGURE 4 .2 0 .  R.T. a b s o rp t io n  s p e c t ra  o f 1,2-BNNE in  s o lu t io n s  o f n-hexane and e th a n o l .
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TABLE 4 .6
ABSORPTION ENERGIES AND COEFFICIENTS OF 1.2-BNNE
IN ETHANOL AND n-HEXANE
E th an o l
K cm  ̂ e(l/m .cm )xlO  ^
5500 18,180 2 .85
5250 19,050 2 .75
3940 25,380
3186 31 ,390 25
n-Hexane

































FIGURE 21b. A bsorp tion  s p e c t r a  o f  1,2-BNNE in  P.M.P. a t  R .T. and 77°K
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TABLE 4 .7




£ cm ^ & cm ^
5605 17,840 5540 18,050
5253 19 ,040 5188 19,280
3950 25,300
3200±5 31,250 3160±5 31,650
P.M.P.
5736 17,430 5433 18,410
5387 18 ,560 5164 19,360
3232 30 ,940 3120 31,970
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th a n  th e  z e ro -z e ro  band in  bo th  1,2-BNNE and 1,3-BNNP. The z e ro -z e ro  
band i s  th e  most in te n s e  o f th e  v i b r a t i o n a l  s p l i t t i n g s  in  the  f i r s t  
t r a n s i t i o n  o f  ctf-MNN.
Band I I  i s  l e s s  r e so lv e d  i n  1,2-BNNE th an  in  1,3-BNNP or 
ce-MNN. The a b s o rp t io n  s p e c t r a  o f  1,2-BNNE and 1,3-BNNP a re  most 
s im i l a r  i n  e th a n o l .  However, the  e x t i n c t i o n  c o e f f i c i e n t s  o f  th e  
band maxima o f  1,2-BNNE i n  e th a n o l  r e l a t i v e  to  th o se  of ce-MNN a r e  
1 .2  f o r  band I  and 1 .3  fo r  band I I ,  w h ile  th o se  o f 1,3-BNNE a re  1 .4  
and 1 .9  f o r  band I  and I I ,  r e s p e c t i v e l y .
In  a d d i t io n  to  th e  p r in c ip a l  bands, th e r e  a r e  weaker 
t r a n s i t i o n s  a t  4010& and 3520& i n  n -hexane. The e x t i n c t i o n  
c o e f f i c i e n t s  a re  app ro x im a te ly  200 and 1000, r e s p e c t i v e l y .  In  
e th a n o l ,  a  weak band a t  about 3950& i s  th e  only  secondary  band 
observed . The i n t e n s i t y  o f  th e  band i n  e th a n o l  i s  d i f f i c u l t  to  
e s t im a te  s in c e  the  r e g io n  between bands I  and I I  shows c o n s id e ra b le  
"base  l i n e "  a b s o rp t io n  which te n d s  to  obscure  th e  weak band. The 
o r ig i n s  o f th e  secondary bands a r e  no t known. In  any c a s e ,  th e y  do 
n o t  appear  to  be the  r e s u l t  o f  e x c i to n  s p l i t t i n g .
The t r a n s i t i o n s  o f  1,2-BNNE a r e  b lu e - s h i f t e d  in  E.P.A . 
and P.M.P. a t  77°K r e l a t i v e  to  th e  R.T. spectrum . As w i th  1,3-BNNP 
and cv-MNN, the  b l u e - s h i f t  i n  P.M.P a t  77°K i s  e x c e p t io n a l ly  l a r g e .
By analogy  th e  b l u e - s h i f t  i s  a t t r i b u t e d  t o  i n t e r a c t i o n  w i th  w ate r  
a t  77°K.
In  summary, th e  e l e c t r o n i c  s p e c t r a  o f  1,2-BNNE a re  v e ry  
s im i l a r  to  th o se  o f 1,3-BNNP and a-MNN. There a re  a d d i t i o n a l
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t r a n s i t i o n s  whose o r ig in s  a re  unknown. They do no t appear  to  be th e  
r e s u l t  o f  e x c i to n  i n t e r a c t i o n ,  however. From the E .S .R . spectrum  of 
a  p o l y c r y s t a l l i n e  sample o f  1,2-BNNE, i t  i s  concluded t h a t  the  
exchange energy i s  sm a ll .  Thus, 1,2-BNNE, a l th o u g h  i t  has on ly  two 
methylene b r id g e s  between subsystem s, i s  e s s e n t i a l l y  a system  of 
o n ly  s l i g h t l y  p e r tu rb e d  a -m e th y n i t ro n y ln i t ro x id e s .
(C) . Bis(tv.(y/ - N i t r o n y ln i t r o x id e )
1 . E .S .R . : BNNE i s  v e ry  in s o lu b le  i n  most s o lv e n ts .  I n  e th a n o l
-4th e  s o l u b i l i t y  i s  l e s s  th a n  10 M; and in  hydrocarbon s o lv e n t ,  the  
s o l u b i l i t y  i s  so low t h a t  no a b s o rp t io n  spectrum  i s  observed  from 
a s a tu r a t e d  s o lu t i o n .  Only in  a c e t o n i t r i l e  does the  compound d i s s o lv e
_3
to  any a p p re c ia b le  e x te n t  (~10 M). Thus, th e  E.S.R . spectrum  was
measured in  a c e t o n i t r i l e .
The E .S .R . . spectrum  was measured as a fu n c t io n  o f
te m p e ra tu re  in  a c e t o n i t r i l e .  A d o u b le t  resonance was o b ta in ed  a t
room tem p era tu re  (F ig u re  4 .2 2 ) ;  th e re  was no s t r u c t u r e .  The s ig n a l
was q u i t e  weak and th e  source  could p o s s ib ly  be im p u ri ty  d o u b le t s .
At about -55°C the  s o lu t i o n  s o l i d i f i e d ,  and. th e  c a v i ty  q u a l i t y
in c re a s e d  g r e a t l y .  A v e ry  weak h a l f - f i e l d  resonance was observed
(F ig u re  4 .2 3 ) .  D* was c a lc u la te d  to  be 994 g au ss .  No co rre sp o n d in g
Am = 1 reso n an ces  were observed . The va lue  of D* i s  v e ry  n e a r  the  
' ®
3
1.02x10 gauss observed f o r  th e  in te rm o le c u la r  t r i p l e t  s p e c ie s  in
1,2-BNNE, 1,3-BNNP and the a - n i t r o n y l n i t r o x i d e  r a d i c a l s  i n  e th a n o l i c  










FIGURE ^ .2 3 .  E .S .R . spectrum  ( h a l f - f i e l d  re g io n )  o f BNN i n  a c e t o n i t r i l e
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I t  i s  known th a t  a room te m p era tu re  m agnetic  s u s c e p t i b i l i t y  
measurement of BNN re v e a ls  th a t  the  averag e  m agnetic  moment p e r  
m olecule  i s  This g ives  1 .24  u n p a ire d  e l e c t r o n s  u s in g  th e
s ta n d a rd  m agnetic  s u s c e p t i b i l i t y  p a r t i t i o n  f u n c t io n s  in  which d ip o le  
i n t e r a c t i o n s  a re  n e g le c te d .  Hence, a t  room tem p era tu re  some m olecules 
in  the. s o l id  have unpaired  e l e c t r o n s .  Based on th e s e  r e s u l t s  one must 
assume t h a t  the ground s t a t e  o f the  m olecu le  i s  a  . s i n g l e t .  The absence 
o f a s i g n i f i c a n t  p o p u la t io n  o f  t r i p l e t  m o lecu les  i n  s o lu t io n s  of 
a c e t o n i t r i l e  a t  -55°C im p lie s  t h a t  e x te n s iv e  in te rm o le c u la r  
p o ly m e r iz a t io n  and subsequent s p in  p a i r i n g  o c c u r .
2. E l e c t r o n ic  A bsorp tion  Spectrum: The R.T. a b s o rp t io n  spectrum  of
BNN measured in  a c e t o n i t r i l e  i s  shown i n  F ig u re  4 .2 4 .  The w avelengths 
and e n e r g ie s  a re  g iven in  Table 4 .8 .  The c o n c e n t r a t io n  and e x t i n c t i o n  
c o e f f i c i e n t s  a re  unknown. Two p r i n c i p a l  band system s a re  observed 
in  th e  re g io n s  o f  Bands I  and I I  o f  th e  o th e r  " t r i p l e t "  m o lecu les .  
However, th e  e n e rg ie s  and the co n to u rs  o f  th e  bands in  th o se  re g io n s  
a re  changed to  such an e x te n t  t h a t  th e  two bands do not d e r iv e  from 
th e  same " ty p e " o f  t r a n s i t i o n  as  Bands I  and I I  o f  the  o th e r  compounds.
A g r e a t e r  degree  of i n t e r a c t io n  o f  th e  subsystem s i s  d e f i n i t e l y  
. i n d i c a t e d .
The a b s o rp t io n  s p e c t ra  o f  r e g io n  I I  i n  E.P.A. a t  R .T .,
223°K and 77°K, a re  shown in  F ig u re  4 .2 5 .  Only band I I  was o b servab le  
in  E .F .A . because of th e  i n s o l u b i l i t y  o f  th e  compound. I t  should be 
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a c e t o n i t r i l e  to  E.P.A. The maximum becomes a sh o u ld e r .  This  appears  
t o  be th e  r e s u l t  o f  g e n e ra l  b roaden ing  o f th e  s t r u c t u r e  and the  band 
c au s in g  th e  subsequent lo s s  o f  r e s o l u t i o n .  At 77°K th e  spectrum  i s  
v e ry  sharp  and w e l l  r e s o lv e d .  The f i r s t  shou lder  of band I I —v i s i b l e  
a t  R .T .—has van ished  w h ile  th e  r e s t  o f  th e  r e g io n  i s  much more 
in te n s e  than  a t  R.T. The R.T. spectrum  o f  band I I ,  ex cep t f o r  th e  - 
low energy sh o u ld e r ,  ap p ears  to  be made up of th e  same w e l l  re so lv e d  
bands a s  observed a t  77°K. The spectrum  a t  -50°C shows th e  sharp 
bands b eg inn ing  to  be r e s o lv e d .  Thus th e  lo s s  of th e  f i r s t  shou lder  
o f  band I I  a t  77°K im p lie s  th e  l o s s  o f  some chem ical s p e c ie s  p r e s e n t  
a t  room tem p era tu re .  I t  i s  a l s o  i n t e r e s t i n g  t h a t  th e  maxima a t  
32738 and 31368 a r e  not b lu e - s h i f t e d  v e ry  much a s  i s  band I I  o f
1,2-BNNE and 1,3-BNNP i n  going from R.T. to  77°K. This change of 
c h a r a c te r  suggests  e i t h e r  a change i n  th e  n a tu re  o f th e  t r a n s i t i o n s ,  
o r  a d r a s t i c  change in  s o lv a t io n  p r o p e r t i e s .
The evidence seems to  i n d i c a t e  some s o r t  o f  e q u i l ib r iu m  
between two s p e c ie s —p o s s ib ly  s i n g l e t  and t r i p l e t  s p e c ie s  o r  t r i p l e t  
and s p in  p a ire d  polym ers. The in fo rm a t io n  i s  inadequa te  to  re a c h  
a  c o n c lu s io n ,  however.
(D) Z e ro -F ie ld  S p l i t t i n g s  and Conform ers: S e v e ra l  t r i p l e t  s p e c ie s
have been observed in  th e  E .S .R . s p e c t r a  o f  th e  d i r a d i c a l s ,  1,2-BNNE 
and 1,3-BNNP, in  r i g i d  m a t r ic e s .  In  an e f f o r t  t o  a s s o c i a t e  th e  
z e r o - f i e l d  s p l i t t i n g s  w i th  co n fo rm ation , th e  z e r o - f i e l d  s p l i t t i n g s
1
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fo r  s e le c te d  conform ations  of m o le c u la r  models have been c a l c u l a t e d .
The e l e c t r o n i c  a b s o rp t io n  s p e c t r a  o f th e se  d i r a d i c a l s  
i n d i c a t e  t h a t  each o f  the  unpa ired  e l e c t r o n s  i s  lo c a l i z e d  i n  i t s
c tf -n i t ro n y ln i t ro x id e  subgroup. T h is  c o n c lu s io n  i s  su p p o rted  by the
\
v e ry  sm all exchange i n t e r a c t i o n  between th e  two unpa ired  e l e c t r o n s .
On the  b a s is  of th e se  ex p er im en ta l  r e s u l t s ,  i t  may be assumed th a t  the  
u n p a ired  e l e c t r o n s  a r e  independen t and t h a t  t h e  s p in  d e n s i t i e s  in  
the  subsystems o f  th e  d i r a d i c a l s  a r e  the  same as  observed  f o r  the 
independen t do u b le t^ su b sy s tem s. The e lem en ts  o f th e  z e r o - f i e l d  
t e n s o r  a re  g iven  by eq u a t io n  56 and th o se  g en e ra ted  by p e rm u ta tio n  
of th e  x ,  y  and z c o o rd in a te s
, o o r ? . - 3 X . .
Dx x  = isV A p̂ '
i . j  rij
1 2 2 ' 3^ i i Yi iD = ~g 0 E P .P f  (■  56xy 2e H , i  j  5
1 , J  i j
I n  th e se  e q u a t io n s ,  r , ^  i s  th e  v e c to r  between the  i t h  atom o f  one 
subgroup and th e  i t h  atom of th e  o th e r  su b g ro u p ; P.  ̂ and P^ a r e  th e  
p r o b a b i l i t i e s  of f in d in g  th e  u n p a ired  e l e c t r o n s  on th e  i t h  and i t h  
atom o f  t h e i r  r e s p e c t iv e  subgroups. In  g e n e r a l ,  P^ and P^ may be 
de term ined  from experim ent o r  from m o lecu la r  o r b i t a l  c a l c u l a t i o n s .
The z e r o - f i e l d  s p l i t t i n g s  have been c a lc u la t e d  f o r  th re e  
conform ations  o f  1,2-BNNE and f o r  one con fo rm ation  o f 1,3-BNNP
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(F ig u re  4 .2 6 ) .  The carbon-carbon  b o n d le n g th s  i n  th e  m ethylene 
b r id g in g  groups a re  assumed to  be 1.54& between bonds in  th e  
b r id g e  and 1.45& f o r  the  bond between th e  carbon., o f  the r in g s  and 
th e  a d jo in in g  methylene carbon . The carbon  atoms o f  the m ethylene 
b r id g e  a re  assumed to  be sp h y b r id iz e d  h av in g  109 bond a n g le s .
The geom etr ie s  o f  the  n i t r o n y l n i t r o x i d e  r in g s  a r e  t h e  same as  was 
used f o r  the  m olecu lar o r b i t a l  c a l c u l a t i o n .  Two s e t s  of sp in  
d e n s i t i e s  were used in  t h e  c a l c u l a t i o n s .  These s p in  d e n s i t i e s  
were o b ta in ed  from a n a ly s is  of the  E .S .R . s p e c t r a  o f  the 
a - n i t r o n y l n i t r o x i d e  d o u b le ts ;  they  co rre sp o n d  t o  th e  upper and 
low er l im i t s  o f  th e  ex p e r im e n ta l ly  d e te rm in e d  v a lu e s .
The c a lc u la te d  v a lu e s  of D, E, and D* a re  g iven  in  
T ab le  4 .9 .  The d i f f e r e n c e s  in  the  v a lu e s  o f D and E fo r  s p in  
d e n s i t y  s e t s  I  and I I  i l l u s t r a t e  th e  need f o r  p r e c i s e  sp in  d e n s i t i e s  
and bond leng ths  in  c a lc u l a t i o n s  of D and E. From an o th e r  . .po in t 
o f  v iew , one can s t a t e  t h a t  sm all d i f f e r e n c e s  i n  th e  conform ation  
o f  d i r a d i c a l s  cannot be determ ined  w i th o u t  an e x a c t  knowledge o f  
t h e  e l e c t r o n i c  s t r u c t u r e .  The l a t t e r  i s  u n r e a l i s t i c  in  te rm s of 
p r e s e n t  t h e o r e t i c a l  methods. In  s p i t e  o f  th e s e  u n c e r t a i n t i e s ,  
one can s t i l l  d i s t i n g u i s h  between conform ers  i n  c a ses  where th e  
d i f f e r e n c e s  i n  s t r u c tu r e  invo lve  r a t h e r  la r g e  changes in  
c o o rd in a te s .
For 1,2-BNNE th e  e x p e r im e n ta l  z e r o - f i e l d  s p l i t t i n g s  
w ere measured to  be D = 225, E = 25, and D: = 228. Since th e  
z e r o - f i e l d  s p l i t t i n g s  c a lc u la t e d  f o r  con fo rm ation  I I I  can be
FIGURE 4 .2 6 .  Conformations o f 1,2-BNNE and 1,3-BNNP fo r  which z e r o - f i e l d  s p l i t t i n g s  
c a l c u l a t e d . .
e l im in a te d  as  the  monomer t r i p l e t  s p e c ie s  observed in  r i g i d  m a t r ic e s .  
T h is  i s  c o n s i s t e n t  w i th  th e  i n t u i t i v e  b e l ie v e  th a t  s t e r i c  e f f e c t s  
between the  methyl groups would no t fa v o r  the " fo ld ed -b ack "  conform atio  
Conform ations I  and I I  d i f f e r  on ly  in  th e  r e l a t i v e  o r i e n t a t i o n s  o f 
th e  r i n g  p la n e s  ( I n  conform ation  I  th e  r in g  p lan es  a r e  p a r a l l e l  and 
i n  I I  th e y  a r e - p e r p e n d i c u l a r ) . As s u c h , th e  c a lc u la te d  v a lu e s  of D 
a r e  q u i t e  s i m i l a r .  However, th e  c a lc u la te d  v a lu e s  of E a r e  much 
l a r g e r  f o r  con fo rm ation  I  th a n  f o r  I I .  This  f a c t  in d ic a t e s  t h a t  
confom ration  I  a g re e s  most n e a r ly  w i th  th e  experim en ta l d a ta  f o r  
th e  t r i p l e t  s p e c ie s  i n  s o lu t i o n .  This  co n c lu s io n  makes one q u e s t io n  
th e  f a c t  t h a t  th e  e x p e r im e n ta l  v a lu e  o f D i s  25% g r e a t e r  th an  th e  
l a r g e r  c a lc u la te d  v a lu e  f o r  I  and th e  ex p er im en ta l  va lue  o f E i s  
100% g r e a t e r .
Two p o s s i b i l i t i e s  e x i s t :  (1) The molecule i s  p a r t i a l l y
f o l d e d - - i . e . , i t  i s  no t in  any o f  th e  extreme conform ations f o r  which 
th e  c a l c u l a t i o n  has been perform ed; and (2) th a t  f o r  conform ations  I  
and I I ,  sm all s p in  d e n s i t i e s  on th e  carbon atoms o f th e  methylene 
b r id g e  have been n e g le c te d .  I n  th e  l a t t e r  c a se ,  sm all s p in  d e n s i t i e s  
i n  th e  m ethylene b r id g e  might enhance the  c a lc u la te d  v a lu e s  o f D
I
and E because o f th e  dependence o f  th e  z e r o - f i e ld  s p l i t t i n g s .
r
T h is  w r i t e r  does n o t  f e e l  t h a t  we a re  i n  a p o s i t io n  to  choose one 
o r  the  o th e r .  Indeed , the  c o r r e c t  answer may invo lve bo th  
p o s s i b i l i t i e s .
For 1,3-BNNP the  e x p e r im en ta l  z e r o - f i e l d  s p l i t t i n g s  w e re : 
s p e c ie s  1--D = 225, E = 3 and D* = 2 2 5  and f o r  sp e c ie s  2—D = 93,
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E = 0 and D* = 93. The c a lc u la te d  v a lu e s  f o r  conform ation  I  agree  
q u i te  c lo s e ly  w i th  th e  ex p e r im en ta l  v a lu e s  f o r  s p e c ie s  2. However, 
f o r  1,3-BNNP th e r e  e x i s t  numerous conform ations  t h a t  would g ive  
c a lc u la te d  z e r o - f i e l d  s p l i t t i n g s  in  th e  range  of th o se  f o r  s p e c ie s  
1 and 2. Hence i t  i s  n o t claim ed t h a t  s p e c ie s  2 and conform ation  4 
a r e  th e  same, bu t o n ly  t h a t  the  c a lc u l a t e d  z e r o - f i e l d  s p l i t t i n g s  f o r  
th e  ex tended form of th e  molecule ag ree  w i th  th e  ex p e r im en ta l  
m easurem ents .
In  conform ation  I I I  o f  1,2-BNNE th e  n i t r o n y l n i t r o x i d e  r in g  
p la n e s  were p u t as c lo se  to  one a n o th e r  a s  th e  m ethyl groups would 
p e rm it .  The c a lc u la te d  s p l i t t i n g s  a re  s t i l l  c o n s id e ra b ly  sm a lle r
3
th an  the  la rg e  s p l i t t i n g  (D* = 1.02x10 g a u ss )  observed  a t  h a l f - f i e l d  
f o r  th e  d o u b le ts  and t r i p l e t s  i n  e th a n o l i c  g l a s s e s .  Thus, i t  seems 
v e ry  u n l ik e ly  t h a t  two n i t r o n y l n i t r o x i d e  g roups—having  t h e i r  
p r i n c i p a l  symmetry a x i s  in  th e  same d i r e c t i o n - - c o u l d  approach  one
3
an o th e r  to  th e  e x te n t  t h a t  D* would equa l 1.02x10 g a u ss .  I n  o rd e r  
t o  g e t  the  r in g  p la n e s  s u f f i c i e n t l y  c lo se  f o r  th e  c a l c u l a t e d  v a lu e
3
o f  D* t o  be a s  h igh  as  1.02x10 g a u ss ,  th e  p r i n c i p a l  axes o f  the  
two n i t r o n y l n i t r o x i d e  groups must be in  o p p o s i te  d i r e c t i o n s .  This 
a n a l y s i s  i s  c o n s i s t e n t  w i th  th e  t r i p l e t s  observed f o r  th e  d o u b le t  
r a d i c a l s  and th e  "d an g lin g  ends" model p o s tu la t e d  f o r  th e  same 
t r i p l e t  observed  f o r  th e  d i r a d i c a l s  (S e c t io n  B ) .
A f i n a l  c o n c lu s io n  can be made r e g a rd in g  th e  w e l l  
r e so lv e d  d o u b le t  s p e c t r a  observed f o r  th e  t r i p l e t s ,  1,2-BNNE and
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1,3-BNNP, in  th e  room tem p era tu re  s o lu t io n  spectrum . The m agnitudes 
o f  th e  c a lc u l a t e d  z e r o - f i e l d  s p l i t t i n g s  f o r  the  t r i p l e t s  i n d ic a te  
t h a t  th e  monomer d i r a d ic a l ,  s p e c t ra  should  be v e ry  broad i n  the 
s o lu t i o n  s p e c t r a .  This i s  t ru e  fo r  even th e  v e ry  s m a l l e s t  z e r o - f i e l d  
s p l i t t i n g  ex p ec ted  fo r  any conform ation  of th e se  monomer d i r a d i c a l s .  
The f a c t  t h a t  w e l l  re so lv e d  double t s p e c t r a  a re  observed  g iv e s  s tro n g  
support  to  th e  "d an g lin g  ends" model (o r  a polymer v a r i a t i o n )  f o r  
d im e r iz a t io n  o f  th e  t r i p l e t s .
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TABLE 4 .9
CALCULATED ZERO-FIELD SPLITTINGS* FOR SELECTED CONFORMATIONS
OF 1.2-BNNE AND 1.3-BNNP
Spin  D e n s i t i e s
Atom S e t I  S e t  I I
r in g -C  .16 .08
N .30 .30
0 .12 .155
Z e ro -F ie ld  S p l i t t i n g s
S e t I  S e t  I I
Conformation D E D* D E D*
I 196 11 196 164 12 165
I I 188 .5 188 129 6 129
I I I 597 60 600 546 61 548
IV 116 5 116 106 5 106
+
U n its  o f  g a u ss .
SUMMARY
The o b je c t iv e  o f  t h i s  r e s e a rc h  was to  c h a r a c t e r i z e  th e  
e l e c t r o n i c  ground s t a t e  o f  some a - n i t r o n y l n i t r o x i d e  r a d i c a l s  and 
d i r a d i c a l s  and to  s e l e c t  t h e o r e t i c a l  models to  accoun t f o r  th e  
observed  m agnetic  i n t e r a c t i o n s .  Such in fo rm atio n  would, s u b s e q u e n t ly ,  
be o f  use in  f u tu r e  a p p l i c a t i o n s ,o f  th e  r a d ic a l s  and d i r a d i c a l s .
Among th e  p ro je c te d  a p p l i c a t io n s  of th e  d i r a d i c a l s ,  i s  t h e i r  use as  
p ro b es  i n  s e m ic r y s ta l l in e  m a te r ia ls  such as  m ic e l le s  and l i q u i d  
c r y s t a l s .
Since th e  compounds were n o t  r e a d i ly  a v a i l a b l e ,  i t  was 
n e c e s sa ry  to  p re p a re  many o f the  d e s i r e d  r a d i c a l s  in  th e se  l a b o r a t o r i e s .  
The d o u b le t  r a d i c a l s —a - m e th y ln i t r o n y ln i t ro x id e ,  a - p h e n y ln i t r o n y l -  
n i t r o x i d e ,  c e - ( o - t o l y l ) n i t r o n y l n i t r o x i d e —and the  d i r a d i c a l ,  1 , 3 - b i s -  
( a - n i t r o n y ln i t r o x id e ) p r o p a n e ,  were p re p a re d .  l , 2 - b i s - ( a - n i t r o n y l -  
n i t r o x id e ) e th a n e  and b i s : - ( a , a ' - n i t r o n y l n i t r o x i d e )  were k in d ly  s e n t  t o  
us by Dr. E .F . Ullman, Research  D i r e c to r  of Synvar R esearch  I n s t i t u t e .
The ground s t a t e s  o f  the d o u b le t  r a d i c a l s  have been  found 
t o  have e s s e n t i a l l y  the  same unpa ired  e le c t r o n  d i s t r i b u t i o n  i n  which 
th e  unpa ired  e l e c t r o n  i s  p r im a r i ly  lo c a l iz e d  on th e  n i t r o n y l n i t r o x i d e  
subgroup. The unpaired  e l e c t r o n  i s  a s s ig n ed  to  a p i  m o lecu la r  o r b i t a l  
w hich  t ra n s fo rm s  as  b^ w i th  r e s p e c t  to  th e  C^  symmetry o p e r a t io n s  of 
t h e  n i t r o n y l n i t r o x i d e  subgroup. From a n a ly s is  o f  th e  E .S .R . • s p e c t r a  of
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< y -n itro n y ln itro x id e  d o u b le t s  i n  e th a n o l i c  g la s s e s  and from the 
i s o t r o p i c  h y p e r f in e  s p l i t t i n g  c o n s ta n ts  in  s o lu t i o n ,  the  unpaired  
e le c t ro n  s p in  d e n s i t y  in  each  n i t ro g e n  p i  o r b i t a l  has  been found to  
be .30 . The a -c a rb o n  p i  s p in  d e n s i ty  i s  e s t im a te d  t o  be between 
.08 and .1 6 .
S o lven t s t u d i e s  i n d i c a t e  t h a t  the  a b s o rp t io n  e n e rg ie s  and 
the  unpa ired  e l e c t r o n  d i s t r i b u t i o n  i n  the  m olecules  a re  so lv e n t  
dependent. O p t ic a l  a b s o r p t io n  s tu d ie s  have shown t h a t  th e  f i r s t  
e x c i ted  s t a t e s  a r e  l e s s  p o l a r  than  th e  ground s t a t e .  Although the 
e x c i t a t i o n  e n e rg ie s  o f  th e se  compounds b lue  s h i f t  w i th  in c r e a s in g  
so lven t p o l a r i t y ,  t h e  i n t e n s i t i e s  a r e  m odera te ly  h ig h .  As a r e s u l t  
th e  t r a n s i t i o n s  a re  a s s ig n e d  a s  be ing  rr -* n* i n  o r i g i n .  The energy 
s h i f t s  and the change o f  band con to u r  of the  m o d era te ly  in te n s e  bands 
w i th  so lv e n t  i n d i c a t e  a p o t e n t i a l  use  of the  a - n i t r o n y l n i t r o x i d e s  as 
o p t i c a l  p ro b e s .  A r a t h e r  common a p p l i c a t i o n  would be th e  use o f  
a - n i t r o n y l n i t r o x i d e s  o f a g g re g a t io n  s tu d ie s  of m i c e l l e s .  Attachment 
of a long hydrocarbon  c h a in  a t  the a  p o s i t i o n  should allow  th e  
r e s u l t i n g  compound t o  be in c o rp o ra te d  i n to  m ic e l l e s .  A r a t h e r  
t r i v i a l  a p p l i c a t i o n  m ight be i n  the d e te rm in a tio n  o f  the  c r i t i c a l  
m ice lle  c o n c e n t r a t i o n  o f s o lu t io n s  from o p t i c a l  a b s o rp t io n  s tu d ie s .
The i s o t r o p i c  h y p e r f in e  s p l i t t i n g  c o n s ta n ts  of the 
a - n i t r o n y l n i t r o x i d e s  have a l s o  been found to  be s o lv e n t  dependent. 
U n fo r tu n a te ly ,  the  e f f e c t s  a r e  q u i te  sm all ,  and th e  p r a c t i c a l  
a p p l i c a t i o n  of t h i s  p a r t i c u l a r  p ro p e r ty  ap p ears  to  b e  l im i te d .
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While th e  i s o t r o p i c  h y p e r f in e  s p l i t t i n g s  o f  th e  d o u b le t
m o lecu les  have l im i te d  u t i l i t y ,  th e  a n i s o t ro p y  o f  th e  t o t a l  h y p e r f in e
te n s o r s  p ro v id e  cause fo r  optimism. As a r e s u l t  o f  th e  a n i s o t r o p y ,
th e  measured E.S.R . s p e c t r a  depend upon th e  o r i e n t a t i o n  o f th e  m olecules
w ith  r e s p e c t  to  th e  s t a t i c  m agnetic  f i ^ l d .  In  s o l u t i o n  th e  spectrum
t h a t  one observes  depends upon the  v i s c o s i t y  o f  th e  s o lv e n t .  As the
v i s c o s i c i t y  o f  th e  so lv e n t  i n c r e a s e s ,  th e  E .S .R . spectrum  ten d s  to
broaden  and lo se  s t r u c t u r e .  In  th e  l i m i t  of a r i g i d  m a t r ix ,  a
s u p e r p o s i t i o n  spectrum  i s  o b ta in e d .  One may measure s p e c t r a  from
s o lu t io n s  o f known v i s c o s c i t y  from w hich e s t im a te s  o f  the  freedom
o f  th e  molecule to  tumble a r e  o b ta in e d .  The r a d i c a l  may then  be used
a s  a p robe . With reg ard  to  the  p r e v io u s ly  m entioned s tu d i e s  o f
m i c e l l e s ,  th e  E.S.R . d a ta  could be u t i l i z e d  in  c o n ju n c t io n  w i th  the
o p t i c a l  d a t a .  The E .S .R . spectrum  of a long cha ined  s u b s t i t u t e d
a - n i t r o n y l n i t r o x i d e  i n  a m ic e l le  could  in d i c a t e  th e  freedom of the
m oiety  in  a m ic e l le .  Thus, the  o p t i c a l  and E .S .R . measurements would
complement one a n o th e r .  Work of t h i s  type  has been done u s in g  simple
1
n i t r o x i d e s  a s  probes . The i n v e s t i g a t i o n s  d e se rv e  f u r t h e r  s tudy  to
e l im in a te  th e  p o s s i b i l i t y  o f  s p e c i f i c  i n t e r a c t i o n s  o f  th e  s im ple
2
n i t r o x i d e  p robes  in  th e  systems p r e v io u s ly  s tu d ie d  .
1
A.S. Waggoner, O.H. G r i f f i t h  and C.R. C h r i s t e r s e n ,  P ro c .
N a t l .  Acad. S c i .  U .S ..  57. 1198 (1 9 6 7 )._ _ _  — —  ■ — — *
2
O.H. G r i f f i t h  and A.S. Waggoner, Acc. o f  Chem. R e s . . 2,
17 (1 9 6 9 ),
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The compounds, l , 2 - b i s - ( a - n i t r o n y l n i t r o x i d e ) e t h a n e  and
l ,3 - b i s - ( a - n i t r o n y l n i t r o x i d e ) p r o p a n e ,  have been shown t o  be b e s t  
c a l s s i f i e d  as  d i r a d i c a l s .  The E .S .R . s p e c t r a  of th e  compounds i n  
r i g i d  m a tr ic e s  have been shown t o  be h ig h ly  dependent upon th e  n a tu re  
o f  th e  m a tr ix .  These d i r a d i c a l s  a l s o  show o p t i c a l  s o lv e n t  e f f e c t s  
w hich a r e  s im i l a r  to  th o se  of the  p a re n t  d o u b le t  r a d i c a l s .  Of th e  
two d i r a d i c a l s ,  l , 2 - b i s - ( a - n i t r o n y l n i t r o x i d e ) e t h a n e  shows s m a l le r  
changes in  th e  z e r o - f i e l d  s p l i t t i n g s  w ith  the  n a tu re  o f th e  m a t r ix .  
U n like  l ,3 - b i s - ( a - n i t r o n y l n i t r o x i d e ) p r o p a n e ,  which shows an 
e q u i l ib r iu m  o f  two conform ations  in  r i g i d  m a t r ic e s ,  1 , 2 - b i s -  
( a - n i t r o n y l n i t r o x i d e ) e t h a n e  shows o n ly  one p a r t i c u l a r  co n fo rm atio n  
p e r  m a tr ix  f o r  th e  monomeric t r i p l e t s .  These p r o p e r t i e s  in d ic a te  
t h a t  l , 2 - b i s - ( a - n i t r o n y l n i t r o x i d e ) e t h a n e  would be a b e t t e r  probe 
i n  l i q u i d  c r y s t a l s .  S ince  i t s  z e r o - f i e l d  s p l i t t i n g s  would be l e s s  
s e n s i t i v e  t o  th e  type  of m a tr ix ,  i t  would be a b e t t e r  i n d i c a t o r  
o f  th e  o r d e r l i n e s s  o f a l i q u id  c r y s t a l .  M athem atical models such 
a s  th o se  d isc u s s e d  i n  S e c t io n  D of C hapter XV would be o f p a r t i c u l a r  
v a lu e  i n  d e te rm in in g  the ' o r i e n t a t i o n  of the  d i r a d i c a l s  i n  th e  l i q u i d  
c r y s t a l s .  Of c o u rse ,  one must f in d  a l iq u id  c r y s t a l  system  w i th  which 
th e  d i r a d i c a l  i s  com patib le  and which has th e  p ro p er  geom etry f o r  
s u b s t i t u t i o n  a t  th e  " s i t e s "  in  th e  l i q u i d  c r y s t a l  p h ase .
B i s - ( a , a / - n i t r o n y l n i t r o x i d e )  was no t w e l l  c h a r a c te r iz e d  
i n  th e s e  s tu d i e s .  From th e  p o in t  o f  view of th e  pure s c i e n t i s t ,  th e  
compound d e se rv e s  f u r t h e r  s tu d y . W ith reg ard  t o  i t s  a p p l i c a t i o n  to
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o th e r  system s, i t s  low s o l u b i l i t y  p r e s e n ts  a problem which may, 
h in d e r  i t s  u t i l i t y .  I t  i s ,  o f  c o u rse ,  p o s s ib le  t h a t  t h e r e  e x i s t  
compounds w ith  which i t  w i l l  form e x c e l l e n t  s o l id  s o l u t i o n s .  In  such 
c a se s  s tudy  of th e  r e s u l t i n g  s o lu t i o n s  r e v e a l  much abou t the  
b i s - ( a , a ' - n i t r o n y l n i t r o x i d e )  i t s e l f .
I t  i s  th e  c o n te n t io n  o f  th e  a u th o r  t h a t  th e  g e n e ra l  
m agnetic  and o p t i c a l  p r o p e r t i e s  o f  the a - n i t r o n y l n i t r o x i d e s  have 
been w e ll  e s t a b l i s h e d .  N e v e r th e le s s ,  p a r t i c u l a r  a p p l i c a t i o n s  o f 
th e se  r a d i c a l s  and d i r a d i c a l s  w i l l  p ro b ab ly  r e q u i r e  f u r t h e r  s tudy  
under th e  more s p e c i f i c  c o n d i t i o n s .  For f u r t h e r  p o s s ib l e  a p p l i c a t io n s  
o f th e se  ty p es  o f  compounds, th e  r e a d e r  i s  r e f e r r e d  to  r e f e r e n c e  2 
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